Warsaw University of Life Sciences — SGGW

Institute of Economics and Finance
Department of Econometrics and Statistics

QUANTITATIVE METHODS
IN ECONOMICS

METODY ILOSCIOWE W BADANIACH
EKONOMICZNYCH

Volume XXVII, No. 3

Warsaw 2026



EDITORIAL BOARD
Editor-in-Chief: Bolestaw Borkowski
Deputy Editor-in-Chief: Hanna Dudek
Managing Editors: Michat Gostkowski, Grzegorz Koszela
Theme Editors:
Econometrics: Bolestaw Borkowski
Multivariate Data Analysis: Wiestaw Szczesny
Mathematical Economics: Zbigniew Binderman
Data Science: Michat Gostkowski
Financial Engineering: Monika Krawiec
Labor Market Analysis: Joanna Landmesser-Rusek
Statistical Editor: Wojciech Zielinski
Technical Editors: Jolanta Kotlarska, Elzbieta Saganowska
Language Editor: Agata Cienkusz
Native Speaker: Yochanan Shachmurove
Managing Editorial Assistant: Luiza Ochnio

SCIENTIFIC BOARD

Adnene Ajimi (University of Sousse, Tunisia)

Heni Boubaker (University of Sousse, Tunisia)

Peter Friedrich (University of Tartu, Estonia)

Paolo Gajo (University of Florence, Italy)

Agnieszka Gehringer (University of Géttingen, Germany)

Anna Maria Gil-Lafuente (University of Barcelona, Spain)

Jaime Gil-Lafuente (University of Barcelona, Spain)

Vasile Glavan (Moldova State University, Moldova)

Francesca Greselin (University of Milano-Bicocca, Italy)

Ana Kapaj (Agriculture University of Tirana, Albania)

Jirawan Kitchaicharoen (Chiang Mai University, Thailand)

Yuriy Kondratenko (Black Sea State University, Ukraine)

Vassilis Kostoglou (Alexander Technological Educational Institute of Thessaloniki, Greece)
(University of Agriculture in Krakow, Poland)

Kesra Nermend (University of Szczecin, Poland)

Nikolas N. Olenev (Russian Academy of Sciences, Russia)

Alexander N. Prokopenya (Brest State Technical University, Belarus)
Yochanan Shachmurove (The City College of The City University of New York, USA)
Mirbulat B. Sikhov (al-Farabi Kazakh National University, Kazakhstan)
Marina Z. Solesvik (Nord University, Norway)

Ewa Syczewska (SGH Warsaw School of Economics, Poland)

Achille Vernizzi (University of Milan, Italy)

Andrzej Wiatrak (University of Warsaw, Poland)

Dorota Witkowska (University of Lodz, Poland)

ISSN 2082-792X
e-ISSN 2543-8565

Department of Econometrics and Statistics, WULS — SGGW
(Katedra Ekonometrii i Statystyki SGGW w Warszawie)

Warsaw 2026, Volume XXVII, No. 3
Journal homepage: https://gme.sggw.edu.pl

X

Warsaw University of Life Sciences Press, Nowoursynowska 161, 02-787 Warsaw
Tel. 22 593 55 23
e-mail: wydawnictwo@sggw.edu.pl
wydawnictwo.sggw.edu.pl

G Wydawnictwo SGGW

wydawnictwosggw


https://qme.sggw.edu.pl/

QUANTITATIVE METHODS IN ECONOMICS
Volume XXVII, No. 3, 2026

CONTENTS

Michat Thlon — Energy Demand as a Moderator of the Energy Transition
in Africa: A Two-Way Fixed Effects Panel Analysis for 27 Countries,

20002022 .....ocoiiiiiiie

Jakub Krawczyk, Michat Wielechowski — Short-Term WIG20 Volatility
around Interest-Rate Decision Announcements by the Monetary
Policy Council of the National Bank of Poland:

Evidence from 2005-2025 .......cceeiiiiriie ittt

Jarostaw Goracy — Article 33a of the VAT Act - Improved Financial Liquidity for

Importers in Poland and the Risk of ADUSE ........cccooviiiiiiiiiis

Ewa Wasilewska — Alfabetyzm statystyczny a putapki myslenia. Analiza luki

kompetencyjnej na styku edukacji Sredniej i WYZSZ€J .....ccvevvvrvereereereernnenns

Kaniz Sultana Chy, Md. Shoriful Islam Chowdhury, Md Nurul Islam Chowdhury,
Md Ashiqul Islam, Md Asiful Islam — Mitigating Class Imbalance in U.S.
Financial Security: A Latent Feature Augmentation Approach for High-

Purity Fraud DeteCtiON ........c.ccveiiiiiieie s



QUANTITATIVE METHODS IN ECONOMICS Received: 27.05.2026
Volume XXVII, No. 3, 2026, pp. 123 — 131 Accepted: 20.07.2026

ENERGY DEMAND AS A MODERATOR OF THE ENERGY
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Abstract: Analysing a balanced panel of 27 African economies over 2000—
2022, I document a “renewable share paradox™: in 63% of countries, absolute
renewable capacity grew while its share in total installed capacity declined
from 54.9% to 46.3%. Using a two-way fixed effects estimator, | find a robust
negative within-country relationship between log GDP per capita and the
renewable capacity share (p ranging from —10.9 to —21.7 pp), supporting the
demand-squeeze hypothesis. Targeted public investment in renewables can
partially offset this effect.

Keywords: two-way fixed effects, energy transition, renewable energy share,
demand squeeze, Sub-Saharan Africa, panel data

JEL classification: C23, Q42, Q43, 013, 055

INTRODUCTION

Standard approaches to monitoring the energy transition rely predominantly on
absolute metrics: total installed renewable capacity in megawatts, annual investment
volumes, and electricity generation quantities. These indicators are routinely
reported in international frameworks including the SDG7 tracking system and
national Renewable Energy Action Plans. However, absolute metrics can generate a
misleading signal: a country may simultaneously record growth in absolute
renewable capacity and a decline in the renewable share of its electricity system, if
non-renewable capacity grows faster. Figure 1 documents this pattern for 27 African
economies over 2000-2022, showing that 17 of 27 countries (63%) experienced
a decline in the renewable capacity share despite widespread absolute capacity
growth.
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Sub-Saharan Africa provides a particularly important laboratory for this
dynamic. The region combines the world's lowest electricity access rates -
approximately 600 million people without reliable supply - with among the fastest
rates of demographic and economic growth globally. Population growth of 2.5-3%
annually, combined with rapid urbanisation and expanding industrial activity,
implies a structural acceleration of electricity demand that will persist for decades.
At the same time, many African countries enter this growth trajectory with electricity
systems still dominated by hydropower, leaving them exposed to a specific form of
share erosion when new fossil capacity is added to meet incremental demand.

The existing literature on Africa's energy transition has concentrated primarily
on barriers to renewable investment - financing constraints, regulatory risk, grid
infrastructure deficits - and on the effectiveness of specific policy instruments such
as feed-in tariffs and competitive auctions [Peters et al. 2024; Schwerhoff and Sy
2019]. Far less attention has been paid to the structural role of demand growth itself
as a moderator of relative transition progress. This paper addresses that gap.

This paper makes three contributions. First, it introduces the demand-squeeze
hypothesis as a structural explanation for the renewable share paradox: in 63% of the
27 countries studied, absolute renewable capacity grew while the share declined, a
pattern invisible to monitoring frameworks based on absolute metrics [Akrofi 2021;
Mossisa and Han 2025]. Second, it applies a two-way fixed effects (TWFE)
estimator - absorbing all time-invariant country heterogeneity and common year-
level shocks - to isolate the within-country association between GDP per capita
growth and the renewable energy share, yielding a robust negative coefficient across
five specifications and two dependent variables. Third, it identifies the asymmetric
role of hydropower legacy: countries where hydro exceeded the sample median share
of total capacity in 2000 face a structural amplification of the demand-squeeze, as
any fossil addition immediately erodes a high renewable baseline. The paper is
organised as follows. Section 2 describes the data and empirical methodology.
Section 3 presents and interprets the results. Section 4 concludes.

LITERATURE REVIEW

The present paper addresses a gap at the intersection of these two strands.
Whereas the barriers literature asks what prevents more renewable capacity from
being added, this paper asks what determines whether the capacity that is added is
sufficient to maintain - let alone improve - the renewable share as total electricity
demand expands. The demand-squeeze hypothesis we test is structurally distinct
from the access-oriented framing of Dagnachew et al. [2020]: the concern here is not
with countries that lack electricity, but with countries where economic growth
generates new demand at a pace that outstrips even successful renewable
deployment. Identifying this channel within countries over time, net of all country-
level and year-level confounders, is what the two-way fixed effects estimator
delivers.
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A second strand of scholarship examines Africa's electricity systems through the
lenses of energy diversification, access, and spatial spillovers. Akrofi [2021]
analyses diversification trends across the continent and finds that aggregate statistics
obscure substantial heterogeneity in national trajectories. Mossisa and Han [2025]
examine the structural tensions between electricity access expansion and emissions
intensity in rapidly urbanising Sub-Saharan economies. Ndayishimiye et al. [2025]
document the political-economic drivers of generation overcapacity in selected Sub-
Saharan countries, pointing to the role of fossil-fuel incumbents in shaping capacity
additions. Jeetoo [2022] employs a spatial panel estimator to examine spillovers in
renewable energy consumption across the region. Dagnachew et al. [2020] integrate
demand-side projections with supply-side policy scenarios to model electricity
access pathways under alternative climate targets. This literature advances the
understanding of Africa's energy landscape considerably, but does not model
demand growth as a source of renewable share erosion or estimate the within-country
relationship between income and renewable share using panel variation.

Research on Africa's energy transition has concentrated predominantly on the
supply side. A substantial body of work documents the barriers that slow renewable
investment: financing constraints and the high risk premiums attached to sovereign
debt in Sub-Saharan economies, grid infrastructure deficits that raise the cost and
complexity of connecting variable renewables, and regulatory environments that
have historically favoured incumbent fossil-fuel utilities [Peters et al. 2024;
Schwerhoff and Sy 2019; Deichmann et al. 2011]. The policy instrument most
carefully evaluated in this literature is competitive procurement; South Africa's
Renewable Energy Independent Power Producer Procurement Programme, launched
in 2011, is widely regarded as the most successful implementation on the continent,
having mobilised substantial private investment and added several gigawatts of wind
and solar capacity by the early 2020s [Peters et al. 2024]. This body of work yields
important design lessons for renewable energy policy, but it treats demand growth
as a background condition rather than as an active moderator of whether the
transition succeeds or fails in relative terms.

DATA AND METHODOLOGY
Data

The analysis uses three publicly available data sources. Installed electricity
capacity by technology is sourced from the IRENA Renewable Energy Statistics
database [IRENA 2025], providing annual MW data for 2000-2022. GDP per capita
in constant 2015 USD is from the World Bank World Development Indicators
[World Bank 2026]. Public renewable energy investment in millions of 2022 USD
is from the IRENA Public Finance Database [IRENA 2025].
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The country sample comprises 27 African economies for which complete data
are available for the full 2000-2022 period, including both Sub-Saharan and North
African countries (Algeria, Egypt, Morocco, Sudan among the latter). The balanced
panel yields 621 country-year observations. The primary dependent variable is the
renewable energy capacity share - total renewable installed capacity as a percentage
of total installed capacity. Table 1 presents descriptive statistics including the newly
added maximum column.

Table 1. Descriptive statistics

Variable N | Mean | Median| SD | Min| Max | 2000 | 2022
Panel A: Outcome variables
RE capacity share (%) 621| 49.8 | 46.8 | 30.0 | 0.1 | 100.0 | 54.9 | 46.3

RE generation share (%) 621 | 56.2 | 520 | 31.5| 0.0 | 100.0 | 65.0 | 52.0
Panel B: Key regressors

GDP per capita (const. 2015
USD)

Public RE investment (USD
mn)

Source: IRENA (2025), World Bank (2026). Panel of 27 African economies, 2000-2022
(N =621 country-year observations)

621(2,283 | 1,163 |2,897 | 228 | 13,073 | 1,534 | 2,624

621 923 | 195 |1947| 0.0 | 1,825 | 2.0 |150.9
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Figure 1. Renewable Energy Capacity Share Change, 2000-2022 (27 African Economies)
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Source: IRENA (2025); World Bank WDI (2026). Open circle = 2000 value; filled marker
= 2022 value. Gold diamonds = hydro-legacy countries (hydropower > 65.9% of
total installed capacity in 2000). Change in RE share shown in rightmost column.

Empirical specification
The baseline specification is a two-way fixed effects model:
REsharei: = ai + y: + B In(GDPpci) + &it

where o; are country fixed effects and vy are year fixed effects. Standard errors
are clustered at the country level. The coefficient 3 captures the within-country
association between log GDP per capita and the renewable share, holding constant
all time-invariant characteristics and common macroeconomic shocks.

The baseline specification is intentionally parsimonious, following the standard
approach in within-country panel energy studies [Jeetoo 2022; Dagnachew et al.
2020]. Country fixed effects absorb time-invariant confounders - resource
endowments, geography, institutional quality - that drive cross-country differences
in renewable shares, while year fixed effects control for global technology cost
trends, oil price cycles, and international climate agreements. The within-country
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coefficient on log GDP per capita therefore captures the demand-squeeze channel
net of these confounders.

Five specifications are estimated: (1) the baseline TWFE model described above;
(2) adds log public RE investment and interacts log GDP per capita with a
hydropower legacy indicator - a binary variable equal to one for countries where
hydropower exceeded 65.9% (sample median) of total installed capacity in the base
year 2000, capturing the greater vulnerability of hydro-dominated systems to share
erosion when any fossil capacity is added; (3) excludes South Africa and Egypt to
test sensitivity to the two largest economies; (4) replaces the dependent variable with
renewable generation share; and (5) uses a first-difference estimator with changes in
log GDP and log public investment as regressors.

Establishing a fully causal interpretation of the demand-squeeze coefficient
would ideally require an instrument that shifts within-country income growth
without directly affecting the renewable share. Plausible candidates face a non-trivial
exclusion restriction problem in this context: rainfall shocks affect hydro generation
directly, and commodity price windfalls alter the political economy of fuel subsidies
in ways that independently influence capacity mix decisions [Staiger and Stock
1997]. In the absence of a credible instrument for a 27-country African panel, the
two-way fixed effects design represents the strongest available identification
strategy. The consistency of the negative coefficient across all five specifications
provides reassurance that the result is not an artefact of any single modelling choice.

RESULTS

Table 2 presents all five specifications. The coefficient on log GDP per capita is
negative in all specifications and statistically significant at the 10% level in four of
five. In the baseline specification (column 1), a 10% within-country increase in GDP
per capita is associated with approximately a 1.3 percentage point decline in the
renewable capacity share (B x In(1.10) = —13.72 x 0.0953 =~ —1.3 pp), holding
constant all time-invariant country characteristics and common year trends. This
magnitude is economically meaningful: across the 17 countries where the renewable
share declined, average GDP per capita grew by 58% over the sample period,
implying a demand-driven share reduction of approximately 8 pp - closely matching
the observed mean decline of 8.6 pp.

The robustness of the negative sign across all five specifications, including
different samples and dependent variables, is the central result: the demand-squeeze
mechanism is not artefactual. The larger coefficient in specification (4) using
generation share (—21.7 vs —13.7) reflects the compounding effect of thermal plants
operating at higher utilisation rates than variable renewables, which accelerates the
generation share deterioration relative to the capacity share.
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Table 2. Panel regression results: determinants of renewable energy share
Variable (1) REcap | (2) Hydro | (3)Excl. (4) RE | (5) First
share split ZAF/EGY | gen share diff.
. —-13.72% -10.92* -12.47+ | —21.66* i
log GDP per capita (7.31) (4.43) (7.13) | (10.36)
. -1.89
Alog GDP per capita - - - - (3.34)
Alog Public RE ) ) ) ) 0.217
investment (0.11)
Country FE / Year FE Yes/Yes Yes/Yes Yes/Yes | Yes/Yes | No/Yes
N 621 575 575 621 594
R2 0.044 0.075 0.047 0.073 0.012

Notes: Dependent variable is RE capacity share (%) in columns (1)—(3), generation share
(%) in (4), annual change in capacity share (pp) in (5). Standard errors clustered by country
in parentheses. Tp < 0.10, *p < 0.05.

Source: IRENA (2025); World Bank WDI (2026). Authors' calculations

Ten countries recorded improvements in their renewable capacity share over the
period, and their trajectories reveal three distinct escape routes from the demand
squeeze. In Ethiopia and Guinea, large-scale hydropower investments - most notably
the Grand Ethiopian Renaissance Dam and Guinea's Souapiti project, both delivering
first power in the late 2010s - added renewable capacity at a pace that outstripped
overall system growth, effectively reversing what had been a fossil-dominated
expansion. In South Africa and Morocco, proactive procurement frameworks
directed new capacity additions toward renewables: South Africa’'s REIPPPP
programme and Morocco's Noor solar complex channelled private investment into
wind and solar at scale, decoupling capacity expansion from fossil-fuel additions. A
third group, exemplified by Niger, benefited from a base effect: starting from a near-
zero renewable share in 2000, even modest additions of rural solar mini-grids and
small wind capacity translated into double-digit percentage-point improvements.
These contrasting trajectories reinforce the paper's central argument: the demand
squeeze is not inevitable, but overcoming it requires either the scale of public
investment or the institutional architecture of targeted procurement - neither of which
is costless or automatic.

Column (5) provides evidence from the first-difference estimator. Annual
changes in log GDP per capita are not significantly associated with annual RE share
changes (—1.89, p=0.57), consistent with the demand-squeeze operating over multi-
year investment horizons. The coefficient on changes in log public RE investment is
positive and marginally significant at the 10% level (B = 0.21, p = 0.06), indicating
that years of above-average public renewable investment are associated with modest
short-run improvements in the renewable share. This provides qualified support for
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the view that targeted, concentrated public finance can partially counteract the
structural demand effect.

CONCLUSIONS

This paper demonstrates that the TWFE estimator, applied to a 27-country
African panel over 2000-2022, identifies a robust negative within-country
relationship between GDP per capita growth and the renewable energy share. Across
five specifications using capacity and generation shares, alternative samples, and
first-difference estimation, the demand-squeeze mechanism - whereby fossil fuel
capacity additions outpace renewable investment in rapidly growing economies - is
consistently supported. A 10% within-country GDP increase is associated with
approximately a 1.3 pp decline in the renewable capacity share.

Two methodological implications follow. First, energy transition assessments
should incorporate relative share metrics alongside absolute capacity indicators; the
two can move in opposite directions, with the share carrying greater relevance for
welfare outcomes related to carbon intensity and fossil fuel price exposure. Second,
the marginal offset provided by public RE investment surges (column 5) supports
investment frameworks calibrated explicitly to outpace total capacity growth, not
merely to expand absolute renewable megawatts.

The first-difference estimates in Specification (5) allow a tentative quantification
of the investment challenge. Average public renewable energy investment in the
countries experiencing share declines grew from approximately USD 2 million to
USD 151 million per country over the study period - a 75-fold increase. Under the
Specification (5) coefficient (f = 0.21), this rate of investment growth translates into
a predicted share improvement of roughly 0.04 percentage points per year, or
approximately 0.9 percentage points cumulatively over 22 years. Against the
observed mean share decline of 8.6 percentage points in this group, the investment
expansion that occurred offset only a modest fraction of the structural demand
pressure. The implication is not that public finance is ineffective but that, to
overcome the demand squeeze, it must be sustained at a rate calibrated explicitly
against total system expansion - a materially more demanding benchmark than the
simple growth of renewable megawatts.

The demand-squeeze mechanism is structurally general. Rapidly growing
economies in South Asia and parts of Latin America - combining high population
growth, rapid urbanisation, and expanding electricity access requirements - may
exhibit the same paradox. The TWFE framework developed here provides a
replicable methodology for testing this hypothesis in other regional contexts.
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Abstract: This study examines short-term WIG20 volatility around 235
interest-rate announcements by the Monetary Policy Council of the National
Bank of Poland in 2005-2025. Volatility is measured from daily log returns in
three- and five-day windows and analysed separately for decisions involving
interest-rate changes and status quo decisions. Descriptive statistics show
generally higher pre-announcement volatility and particularly pronounced
skewness and kurtosis before interest-rate-change announcements. Wilcoxon
signed-rank and Mann-Whitney U tests show that pre-announcement volatility
is significantly higher only for decisions involving interest-rate changes in the
three-day window. Between-group differences are also significant in the three-
day window, but only at the 10% level.

Keywords: monetary policy announcements, interest-rate decisions, short-
term WIG20 volatility, Monetary Policy Council of the National Bank of
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INTRODUCTION

Monetary policy decisions, especially regarding interest rates, are among the
most important factors that determine macroeconomic stability and affect financial
markets [Mishkin 1995; Rigobon, Sack 2004]. Changes in interest rates affect the
cost of capital, market participants’ expectations and the valuation of financial assets.
Consequently, central bank announcements are closely monitored by financial
markets and their participants because they may provide information about current
policy conditions and the future macroeconomic outlook. Evidence from interest-
rate and foreign-exchange futures [Ederington, Lee 1993] as well as forex markets
[Andersen, Bollerslev 1998] shows that scheduled macroeconomic announcements
may lead to rapid price adjustments and temporary changes in volatility. Although
monetary policy announcements affect equity markets across countries [Nikkinen,
Sahlstrom 2004; Wongswan 2009], their effects may differ depending on the
characteristics of the domestic financial market.

Under the efficient market hypothesis, publicly available information should
be incorporated into asset prices before an official announcement [Fama 1970].
Therefore, market reactions should primarily reflect the unexpected component of
monetary policy decisions. According to this assumption, Bernanke and Kuttner
[2005] demonstrate that stock market reactions are mainly driven by unexpected
actions in monetary policy, whereas anticipated policy decisions have more limited
effect on equity prices. Giirkaynak et al. [2005] further show that monetary policy
surprises may influence longer-term expectations, indicating that market participants
continuously update their assessments in response to macroeconomic and monetary
policy information.

While asset prices react to news, central bank announcements may also trigger
market volatility and risk perception. Bomfim [2003] reports an increase in realised
stock-market volatility around monetary policy announcements. By contrast, Chen
and Clements [2007] and VVahamaa and Aij6 [2011] demonstrate that option-implied
volatility decreases after central bank meetings. This decline supports the view that
market uncertainty is resolved once the policy decision is announced. Lydcsa et al.
[2019] identify realised-volatility jumps around scheduled central bank
announcements in G7 equity markets. Extending this evidence to emerging markets,
Jain [2025] proves that unexpected monetary policy actions generate stronger and
more persistent volatility responses because of lower market liquidity and
differences in central-bank credibility.

Despite extensive international evidence, research on short-term volatility
around monetary policy announcements in the Polish capital market remains limited.
Kotodziejczyk [2016] examines WIG20 returns and volatility in response to National
Bank of Poland decisions and identifies an asymmetric market reaction depending
on the policy outcome. Interest-rate increases are associated with lower volatility,
whereas rate cuts increase stock returns without producing a statistically significant
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effect on volatility. However, empirical evidence for Poland remains limited,
particularly regarding differences in short-term volatility adjustments across
monetary policy decision outcomes.

The contribution of the study is that it examines 235 interest-rate decision
meetings of the Monetary Policy Council of the National Bank of Poland (MPC)
over the 2005-2025 period, providing a long-term perspective on the relationship
between monetary policy announcements and WIG20 volatility. Moreover, it
distinguishes between rate-change and status quo decisions and compares event-
level pre- and post-announcement volatility in three-day and five-day windows. It
also tests whether the magnitude of the pre-to-post volatility change differs between
the two decision outcomes.

Accordingly, the study assesses whether short-term WI1G20 volatility declines
after MPC interest-rate announcements and whether this adjustment differs between
rate-change and status quo decisions. To verify it, the following research hypotheses
are tested:

H1: Short-term WIG20 volatility is higher before than after MPC interest-rate
announcements.

H2: The pre-to-post change in short-term WIG20 volatility differs between rate-
change and status quo decisions of the MPC.

METHODOLOGY

The objective of the study is to assess changes in the short-term volatility of
the WIG20 index around monetary policy announcements and to determine whether
these changes differ between decisions involving an interest-rate adjustment and
decisions maintaining the status quo. The empirical investigation covers 235
interest-rate decision meetings of the Monetary Policy Council of the National Bank
of Poland (MPC) over the period from January 2005 to December 2025.

To analyse volatility around these events, two pairs of symmetric observation
windows surrounding the announcement day are defined, as illustrated in Figure 1.
Following the methodological framework of Wielechowski et al. [2026], relatively
short event windows are applied to capture the immediate market adjustment around
MPC decisions. Short observation intervals limit the potential impact of other
macroeconomic factors and political events that may affect stock prices over longer
periods.
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Figure 1. Timeline of the event windows surrounding the MPC interest rate decision

meetings
=3 days
5 -4 3 2 -1 1 2 3 4 5
=5 days
5 -4 3 2 —1 1 2 3 4 5

Source: own elaboration using R

MPC announcement date is designated as event day t = 0. For k € {3, 5}, the
pre-announcement window covers trading days [—k,—1], whereas the
corresponding post-announcement window covers trading days [1, k]. Event day
t = 0is excluded from both calculation periods to maintain a clear temporal
separation between pre- and post-announcement observations and to avoid assigning
the announcement-day return arbitrarily to either window. As interest rate decisions
typically occur during trading hours, daily closing prices on the event day capture
a state simultaneously reflecting pre-announcement expectations and the immediate
market reaction following the release.

The schedule of MPC decision meetings was obtained from the official
website of the National Bank of Poland, while daily closing values of the WIG20
index were retrieved from the Stooq.pl financial database. One meeting was
excluded because its event window overlapped with the window of an adjacent
meeting. This procedure ensured that the analysed event windows did not share daily
quotation dates.

To determine whether market reactions differ depending on the monetary
policy outcome, MPC meetings were divided into two mutually exclusive subgroups.
The rate-change subgroup includes MPC meetings resulting in an increase or
decrease in interest rates, whereas the status quo subgroup consists of meetings at
which interest rates remained unchanged. The final sample contains 58 rate-change
decisions and 177 status quo decisions.

Daily logarithmic returns of the WIG20 index were calculated as:

P

1 =1In (—) - 100%, (D)
Pt—l

where P, denotes the closing value of the WIG20 index on trading day t, and

P,_4 represents its closing value on the preceding trading day.
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For each meeting i, event-window length k, and period s € {pre,post},
market volatility was measured as the sample standard deviation of daily logarithmic

returns:
1 _o 2
O-l:?k = \/k _ 1 Z (Ti,t_rifk) 1) (2)

teTy;

where:
TP = {~k,..,—1}, TP = {1, ..., k},
and 7, denotes the mean logarithmic return for meeting i, window length k, and

period s. Accordingly, aip,: ® represents volatility before the announcement, whereas

aP?%" denotes volatility after the announcement.

The event-level pre-to-post change in volatility was defined as:

re ost
dip = afk — afk . 3)

A positive value of d; indicates that volatility was higher before the MPC
interest-rate announcement than after it and therefore represents a post-
announcement decline in volatility. Conversely, a negative value indicates that
volatility increased following the MPC announcement.

The empirical strategy corresponds to the two research hypotheses formulated
in the Introduction. Hypothesis H1 assumes that short-term WIG20 volatility is
higher before than after MPC interest-rate announcements. It was tested for the
overall sample and separately for the rate-change and status quo subgroups.

Because the pre- and post-announcement observations refer to the same MPC
meeting, the comparisons were conducted using the right-tailed Wilcoxon signed-
rank test for paired samples [Wilcoxon 1945]. For each analysed sample and event-
window length, zero differences were excluded, while the absolute non-zero
differences | d; ; |were ranked in ascending order. The sum of ranks associated with
positive differences was calculated as:

Nk
Wi = Z RixI(dix > 0), (4)
i=1

where R; ,denotes the rank assigned to | d; |, I(:)is the indicator function, and
ny is the number of non-zero paired differences. Since the expected direction of the
relationship was specified in advance, the right-tailed test was used. The statistical
hypotheses can be expressed as:

H0,1:9drk < O,
against:

Hl,l:gd,k > 0,

where 6\, represents the location shift of the distribution of paired differences.



Short-Term WIG20 Volatility around Interest-Rate ... 137

A sufficiently high value of W'provides evidence that volatility is
systematically higher before than after the MPC announcement.

Hypothesis H2 assumes that the pre-to-post change in short-term WIG20
volatility differs between rate-change and status quo decisions. To test this
hypothesis, the distributions of the event-level differences d;, were compared
between the two independent decision-type subgroups. The comparison was
conducted separately for the three-day and five-day window specifications.

A two-sided Mann-Whitney U test for independent samples [Mann, Whitney
1947] was applied. For each event-window length, the values of d; ;, from the rate-
change and status quo subgroups were combined and ranked. The statistic for the
rate-change subgroup was calculated as:
ch("};c + 1)’ (5)

where Rgcj is the sum of the ranks assigned to the event-level differences in the
rate-change subgroup, ng. is the number of rate-change meetings, and ng, is the
number of status quo meetings. The complementary statistic may be expressed as:

U, = RRC,k -

Usqx = Nrcnsq — Uy (6)
The tested hypotheses were:

Hoo: Frep(d) = FSQ,k(d)'
against:

Hy: Frep(d) # Fsg i (d),
where Fg¢ , and Fg, ; denote the distributions of the pre-to-post volatility differences
in the rate-change and status quo subgroups, respectively.

Basic descriptive statistics were calculated for the pre- and post-
announcement volatility measures, including the mean, median, minimum and
maximum values. In addition, the third standardised moment was calculated to
evaluate skewness, while the fourth standardised moment was used to assess
kurtosis.

The normality of the event-level differences d; , was additionally examined
using the Shapiro—Wilk test [Shapiro, Wilk 1965]. The test results, together with the
observed skewness and kurtosis, indicated substantial departures from normality and
supported the use of non-parametric inference.

The primary significance level was set at « = 0.05. For completeness, results
were also evaluated at the less restrictive significance level of a = 0.10. All
empirical calculations and statistical tests were conducted using version 4.1.1 of the
R software environment.
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RESULTS AND DISCUSSION

To assess the short-term volatility of the WIG20 index around MPC interest-
rate announcements, standard deviations of daily logarithmic returns were calculated
for the three-day and five-day pre- and post-announcement windows. The results are
presented for 235 MPC meetings, including 58 rate-change and 177 status quo
decisions.

Table 1 reports the descriptive statistics and distributional characteristics of
the volatility measures. In most specifications, both mean and median volatility are
higher before than after the MPC interest-rate announcement. In the three-day
window, mean volatility declines from 1.253 to 1.155 for the overall sample and
from 1.515 to 1.176 for rate-change decisions. The corresponding decline for status
quo decisions is smaller, from 1.167 to 1.148. A similar pattern is observed in the
five-day window, although the post-announcement median for rate-change decisions
slightly exceeds its pre-announcement value.

Table 1. Descriptive statistics and distributional characteristics of W1G20 volatility around
MPC interest-rate announcements in 2005-2025

Time Decision

. Period | Mean | Median | Min Max | Skewness | Kurtosis
window type

Pre | 1.253 | 1.066 | 0.059 | 9.543 3.680 29.133

Overall I™post | 1.155 | 1.009 | 0.043 | 4.269 | 1552 | 6647

Rate Pre | 1.515 | 1.093 | 0.206 | 9.543 3.642 20.631

39aYs | change [ Post | 1.176 | 1.036 | 0.043 | 3.479 | 1052 4193
Status | Pre | 1.167 | 1.055 | 0.059 | 4.266 | 1.363 6.396
Quo Post | 1.148 | 1.009 | 0.060 | 4269 | 1.726 7538
verall |_Pre | 13380 | 1.145 [0253 | 6.625 | 2695 | 15489
Post | 1.252 | 1.115 | 0.212 | 4205 | 1523 6.011
Rate Pre | 1540 | 1.149 | 0.253 | 6.925 | 2.342 | 10.038
5 days

Change Post | 1.372 | 1.177 | 0.452 | 4.205 1.558 6.250

Status Pre | 1.262 | 1.145 | 0.357 | 4.481 1.605 7.348

Quo Post | 1.213 | 1.077 | 0.212 | 3.605 1.493 5.746

Source: own elaboration and calculation based on NBP and Stoog.pl data using R

All volatility distributions are positively skewed, indicating infrequent
observations with particularly high volatility. The strongest skewness is observed
before MPC announcements in the overall sample and the rate-change subgroup. In
the three-day window, pre-announcement skewness reaches 3.680 and 3.642,
respectively, compared with 1.552 and 1.052 after the announcements.

Kurtosis also indicates pronounced leptokurtosis, especially before rate-
change meetings. In the three-day window, pre-announcement kurtosis equals
29.133 for the overall sample and 20.631 for rate-change decisions, declining
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substantially after the announcement. Thus, the results suggest that periods
preceding rate-change MPC meetings are characterised not only by higher average
volatility but also by heavier-tailed distributions and a greater tendency for extreme
volatility values to occur. An exception is the three-day status quo subgroup, where
skewness and kurtosis are higher after the announcement.

The pronounced positive skewness and high kurtosis indicate substantial
departures from normality and the presence of extreme volatility observations. As
an additional diagnostic check, the Shapiro-Wilk tests rejected the normality of all
event-level pre-to-post volatility difference distributions (p<0.001). These
distributional characteristics support the application of non-parametric statistical
procedures.

Table 2 presents the right-tailed Wilcoxon signed-rank tests used to evaluate
H1 and the two-sided Mann-Whitney U tests used to evaluate H2. A positive median
difference indicates that volatility is higher before the MPC announcement than
after.

Table 2. Wilcoxon signed-rank and Mann-Whitney U test results for changes in WIG20
volatility around MPC announcements in 2005-2025

Event _ Effect es_tlmate Test
- Test Comparison (median .. | p-value
window . statistic
difference)
All meetings 0.072 15423 | 0.068*
) (pre vs post)
Wilcoxon Rate change
signed-rank test, g 0.198 1074 | 0.046**
. (pre vs post)
3 days |one sided Stat
alus quo 0.027 8349 | 0.245
(pre vs post)
Mann-Whitney d; . rate change -
U test, two-sided Vs status quo 0.038 5%z | 0.065
All meetings 0.002 15534 | 0.055%
, (pre vs post)
Wilcoxon Rate change
signed-rank test, g 0.099 989 0.152
. (pre vs post)
5 days |one sided <
atus guo 0.078 8767 | 0.096*
(pre vs post)
Mann-Whitney d; - rate change
U test, two-sided | vs status quo 0.004 >723 0.190

Note: *** ** * denote significance at the 1%, 5%, and 10% levels, respectively.
Source: own elaboration and calculation based on NBP and Stooq.pl data using R
Hypothesis H1 assumes that short-term WIG20 volatility is higher before than

after MPC interest-rate announcements. At the primary significance level of a =
0.05, H1 receives partial support. A statistically significant reduction in volatility is
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identified only for rate-change decisions in the three-day window, where the median
pre-to-post difference equals 0.198.

The remaining Wilcoxon results are not significant at the 5% level. At
a = 0.10, additional evidence emerges. For the overall sample, the differences are
significant in both the three-day window, and the five-day window. For status quo
decisions, only the five-day result is significant at the 10% level.

The five-day result for rate-change decisions is not significant at either level
despite a positive median difference of 0.099. Therefore, support for H1 is not
uniform across windows and decision types. At the 5% level, it is restricted to the
immediate adjustment following rate-change decisions, while the 10% level provides
broader but weaker evidence of declining post-announcement volatility.

Hypothesis H2 assumes that the event-level pre-to-post volatility change
differs between rate-change and status quo decisions. The Mann-Whitney U test does
not support H2 at the 5% level. In the three-day window, the difference between the
subgroups equals 0.038, providing marginal evidence only at the 10% level.

For the five-day window, the difference is smaller, amounting to 0.004, and is
not statistically significant. Thus, any asymmetry in the volatility response appears
concentrated in the period immediately surrounding the MPC announcement and
becomes statistically indistinguishable over the longer horizon.

The findings provide limited evidence that MPC announcements are followed
by lower short-term WIG20 volatility. Moreover, results significant at the 10% level
should be interpreted as suggestive rather than conclusive evidence. The significant
three-day result for rate-change decisions is consistent with the uncertainty-
resolution mechanism [Vihimaa, Aijé 2011] and with Kotodziejczyk [2016], who
identifies an asymmetric response of the Polish equity market. However, the
adjustment is less uniform than in developed markets, where central bank
announcements affect volatility across a broader range of meetings [Bomfim 2003;
Lydcsa et al. 2019]. The concentration of the strongest result in the three-day window
is also not fully consistent with Jain [2025], who reports more persistent effects in
emerging markets.

CONCLUSIONS

This study examined short-term changes in WIG20 volatility around 235
interest-rate announcements by the Monetary Policy Council of the National Bank
of Poland between 2005 and 2025. The results indicate that the market response
varies across decision outcomes and event windows. At the 5% significance level,
pre-announcement volatility is higher than post-announcement volatility only for
rate-change decisions in the three-day window. At the 10% level, additional, though
weaker, evidence is observed for the overall sample in both event windows and for
status quo decisions in the five-day window. Differences in pre-to-post volatility
changes between rate-change and status quo decisions are not significant at the 5%
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level, although the three-day comparison provides marginal evidence at the 10%
level.

The findings suggest that the strongest volatility adjustment is concentrated in
the period immediately surrounding rate-change announcements. This may be
relevant for short-term portfolio risk assessment and hedging decisions. However,
the results should be interpreted as associations rather than evidence of a causal
stabilising effect of MPC decisions.

The study is limited by its focus on the WIG20 index and by the lack of
distinction between expected and unexpected monetary policy decisions. Moreover,
rate-change announcements are analysed jointly, without separating interest-rate
increases from interest-rate cuts, although these decisions may generate different
market reactions. Addressing these limitations constitutes a challenge for future
research.
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Abstract: Article 33a of the Polish VAT Act is the Polish model of postponed
VAT accounting, allowing import VAT to be settled in the VAT return instead
of being paid at customs clearance. Using aggregated administrative data for
2020-2024 obtained from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw, the article examines the scale,
commodity structure and concentration of imports accounted for under this
mechanism. Descriptive analysis, commodity concentration measures and the
Herfindahl-Hirschman Index (HHI) are used to identify changes and patterns
that may be relevant to customs and tax risk profiling. The results show that
Article 33a covered approximately one quarter of the value of Poland’s imports
and was concentrated mainly in industrial, raw-material and technological
goods. The findings indicate that aggregated customs data can support the
initial identification of unusual trade patterns, although such patterns should
be treated as risk signals rather than evidence of abuse.
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INTRODUCTION

Article 33a of the Polish VAT Act regulates the Polish model of postponed
VAT accounting. It allows a VAT-registered taxable person to account for import
VAT directly in the VAT return instead of paying it at customs clearance. This
improves the importer’s financial liquidity, as it does not require funds to be
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temporarily frozen. At the same time, however, the mechanism shifts a significant
part of tax control to the stage of verification of tax returns.

Avrticle 33a does not reduce the VAT liability itself, but changes the time and
method of accounting for the tax. Consequently, the mechanism combines a
significant liquidity benefit for compliant businesses with a shift from tax collection
at customs clearance towards subsequent verification based on tax returns, customs
declarations and risk analysis. In this article, imports accounted for under Article 33a
are also referred to as imports under the simplified import procedure.

The literature identified for this study concerning Article 33a and comparable
postponed VAT accounting mechanisms is predominantly legal, institutional and
descriptive. To the author’s knowledge, the reviewed literature does not provide a
guantitative analysis of the scale, commodity structure and concentration of imports
accounted for under Article 33a in Poland. One reason for this may be the limited
public availability of sufficiently detailed administrative data. The dataset used in
this study was obtained on an individual request from the Analytical Centre
Department of the Tax Administration Chamber in Warsaw rather than from a
generally available statistical database.

Against this background, the main aim of the study is to examine the scale,
commaodity structure and concentration of imports accounted for under Article 33a
in Poland in 2020-2024 and to assess the usefulness of aggregated customs data for
customs and tax risk profiling. The contribution of the study is therefore twofold.
First, it provides a quantitative assessment of a mechanism that has so far been
discussed mainly from a legal and institutional perspective. Second, it demonstrates
how commodity-level and geographical concentration analysis may be used as an
initial screening tool for identifying import flows requiring more detailed
examination. The study does not seek to identify individual cases of fraud or to
estimate the VAT gap.

LITERATURE REVIEW

The literature devoted directly to Article 33a of the VAT Act is limited. The
most important study is the article by Krychowski [2023], which provides a concise
description of the simplification applicable to the importation of goods, the general
rules governing the tax liability, the obligation to pay VAT on imports under Article
33, and the conditions for using Article 33a. The author emphasises the liquidity
function of the mechanism, while also pointing out that its application depends on
the fulfilment of specific statutory conditions [Krychowski 2023].

In the Polish literature, the subject appears more frequently in commentaries
on the VAT Act. Article 33a is discussed, among others, by Bartosiewicz [2026],
Michalik [2024] and Matarewicz [2023]. These commentaries present Article 33a as
a special method of accounting for tax due on imports, analysed together with
Articles 33, 86 and 99 of the VAT Act. The common conclusion of this literature is
that the provision has a liquidity and technical function, but its application is
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conditional on formal requirements and the correct reporting of the tax in the tax
return/JPK file.

A general tax-law perspective is provided in the publications by Mastalski
[2021] and Smolen and Wojtowicz [2021]. These authors do not focus on Article
33a itself, but explain the structure of value added tax, the importation of goods as a
taxable transaction, and the relationship between import VAT and the destination
principle. Krychowski [2023] adds that the importation of goods is a factual event
giving rise to tax liability even where customs duty is suspended, reduced or does
not arise.

For the customs-law dimension, the commentary on customs law by Laszuk,
Komorowski and Michalski [2022] is relevant. It is useful in explaining customs
representation, which under Article 33a serves as an organisational and safeguarding
condition. The customs literature also makes it possible to link Article 33a with the
Union Customs Code, in particular release for free circulation, simplified
declarations, entry in the declarant’s records and AEO status.

In the English-language literature, the Polish Article 33a may be compared
with solutions referred to as postponed VAT accounting, deferred import VAT
accounting or an import VAT reverse charge. These terms are not completely
uniform or identical, because individual countries define the conditions for access to
the declaration-based accounting of import VAT differently. Nevertheless, the
economic effect is common: the taxable person does not pay VAT at customs
clearance, but reports output tax and, if the relevant conditions are met, input tax in
the VAT return.

In the United Kingdom guidance issued by HMRC (His Majesty’s Revenue
and Customs), postponed VAT accounting is described directly as a method that
allows import VAT to be declared and recovered in the same return, rather than paid
in advance on importation and recovered later. The guidance also states that the
taxable person must be VAT-registered and that, where goods are imported on behalf
of the taxable person, it is important to indicate this method correctly in the import
declaration [HMRC 2025].

A similar approach is visible in OECD documents. In the International
VAT/GST Guidelines, the organisation presents VAT as a tax of particular
importance in the context of growing international trade and points to the need to
coordinate VAT rules in cross-border transactions in order to limit the risk of double
taxation or unintended non-taxation. Although the OECD Guidelines focus mainly
on services and intangibles, their starting point—taxation in the jurisdiction of
consumption—also justifies the taxation of imported goods while maintaining
neutrality for taxable persons engaged in economic activity [OECD 2017].

Where the tax is not physically collected at the border, tax-return data, ex post
control and risk profiling become more important. Alexopoulos et al. show that
analysis of VAT transaction networks and machine-learning methods can support
the identification of tax risks, and that their approach may be implemented after
taxable persons have submitted their returns. Although their study does not deal
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directly with imports, it provides a sound methodological justification for analysing
large volumes of customs and tax data, commodity concentration and unusual
changes in the value of imports under the Article 33a mechanism [Alexopoulos et
al. 2025].

The control and risk dimension is developed in the work of Keen and Smith
[2007], who describe VAT as an efficient tax that is nevertheless vulnerable to abuse
where cross-border settlements, deduction rights and tax refunds are involved.
Although their study does not directly concern Article 33a, it supports the approach
adopted in this article: analysis of large data sets, commodity concentration, changes
in value and unusual import profiles.

Studies concerning the analysis of customs data are also relevant from a
similar perspective. Park, Kim and Cha [2022] analyse the possibilities of risk
analysis in detecting customs-law irregularities on the basis of import declarations,
indicating that knowledge of changing trade flows is important for risk management.
Mai et al. [2021], in turn, emphasise the variability over time of certain trade patterns
and, consequently, of fraud, which requires an analytical approach to the subsequent
selection of declarations for inspection. These studies do not deal directly with VAT
or import facilitations, but demonstrate the need for data analysis as part of post-
clearance controls aimed at combating potential customs fraud [Park, Kim, Cha
2022; Mai et al. 2021].

Since quantitative analyses depend on the adequate quality of statistical data,
attention should also be paid to the reliability of international trade data. Markowicz
and Baran [2021] examine the quality of intra-Community trade data for selected
CN commodity groups.

The literature review therefore shows that direct studies of Article 33a are
scarce and are predominantly legal or descriptive, while quantitative studies of tax
and customs risk focus mainly on broader problems of VAT fraud, customs
irregularities and data-based risk detection. The present study connects these two
strands of literature by applying quantitative analysis to the Polish postponed VAT
accounting mechanism itself. In this sense, Article 33a is considered not only as a
liquidity facilitation for businesses, but also as an area in which customs and tax data
may be used for ex post risk profiling.

LEGAL FRAMEWORK OF ARTICLE 33A OF THE VAT ACT

The direct legal basis for Article 33a is Article 211 of Council Directive
2006/112/EC of 28 November 2006 on the common system of value added tax. This
provision leaves Member States free to determine the detailed rules for the payment
of VAT on importation and, at the same time, allows them to permit a solution under
which VAT due on importation is not paid at the time of importation, provided that
it is declared as due in the VAT return. The Polish Article 33a therefore falls within
the model provided for by the Directive and does not constitute an exception or an
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autonomous derogation from the common EU VAT system [Directive
2006/112/EC].

Article 33a of the VAT Act should be regarded as a special method of
accounting for the tax due on the importation of goods, rather than as a tax
exemption. The provision allows a VAT-registered taxable person to report import
VAT due in the tax return for the period in which the tax liability on the importation
arose. In the literature and international practice, this mechanism is referred to as
postponed VAT accounting, i.e. accounting for import VAT in the tax return instead
of paying it at customs clearance [VAT Act, Article 33a(1); Bartosiewicz 2026].

Access to Article 33a is subject to statutory conditions intended to ensure a
minimum level of taxpayer reliability. These include VAT registration, compliance
with tax and social-security obligations and, as a rule, the lodging of customs
declarations through a direct or indirect representative, subject to exceptions
provided for authorised operators and holders of specified customs simplifications
[VAT Act, Article 33a; Regulation No 952/2013].

The relationship between Article 33a and the right of deduction is particularly
important. Article 86(2)(2)(b) of the VAT Act explicitly provides that, in the case of
the importation of goods, input tax also includes the amount of tax due in the case
referred to in Article 33a. As a result, for a compliant taxable person using imported
goods for taxable activities, the mechanism is generally economically neutral while
being highly significant for liquidity [VAT Act, Article 86(1) and Article
86(2)(2)(b)].

Taxable persons importing goods under Article 33a are required to submit
monthly tax returns. The legislature therefore compensates for the shift of collection
from the border to the tax return by requiring more frequent reporting and,
consequently, facilitating subsequent verification [VAT Act, Article 99(3a)(3), (3d)
and (4a)].

The mechanism for accounting for the tax due on the importation of goods in
the tax return was introduced into the VAT Act on 1 December 2008 by the Act of
7 November 2008, which added Articles 33a-33c after Article 33. Initially, this
possibility was linked to specific simplified procedures under customs law [VAT
Amendment Act 2008].

A significant liberalisation of Article 33a took effect on 1 July 2020. Pursuant
to Article 33(2) of the Act of 31 July 2019 amending certain acts in order to reduce
regulatory burdens, the previous link between declaration-based accounting for
import VAT and the placing of goods under a specified simplified procedure was
replaced by a rule under which the mechanism may be used by a VAT -registered
taxable person. At the same time, the legislature introduced a requirement that
customs declarations be lodged by a direct or indirect representative, with an
exception for taxable persons holding AEO status or authorisations for the customs
simplifications referred to in Articles 166 or 182 of the UCC. The possibility of using
Article 33a solely in conjunction with a simplified procedure under customs law was
therefore abandoned (before the amendment, goods had to be covered in Poland by
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a simplification under Article 166 or 182 of the UCC), and the focus shifted to
enabling VAT taxpayers to use Article 33a [Act Amending Certain Acts 2019].

METHODOLOGY AND ANALYTICAL ASSUMPTIONS

The study is based on aggregated administrative data concerning imports
accounted for under Article 33a of the VAT Act. The data were obtained on request
from the Analytical Centre Department of the Tax Administration Chamber in
Warsaw (Wydzial Centrum Analityczne Izby Administracji Skarbowej w
Warszawie), which processes and provides international trade data. The dataset
covers the years 2020-2024 and includes import values, the number of entities and
customs declarations, commodity codes, mass and geographical information
concerning countries of dispatch and origin.

The starting year was selected primarily because a significant liberalisation of
Avrticle 33a entered into force on 1 July 2020, substantially broadening access to
declaration-based accounting for import VAT. The year 2020 should therefore be
regarded as a transition year in the development of the current model. The end of the
period, 2024, was the latest complete calendar year available when the dataset was
obtained. The five-year period also covers substantial changes in international trade
conditions associated with the COVID-19 pandemic, disruptions in global supply
chains and the war in Ukraine.

Commodity analysis was conducted at the four-digit Combined Nomenclature
level (CN4). The level of aggregation was selected during the data-acquisition
process as a compromise between commodity detail and coverage of the entire
population of Article 33a imports over the five-year period. Within the scope of the
present data-acquisition process, obtaining a complete CN8 dataset for all
commodity groups over the five-year period was not practicable; a more detailed
extraction would have required prior narrowing of the request to selected commodity
groups. Such an approach would reduce the exploratory character of the study by
requiring the relevant goods to be selected before the analysis. CN4 therefore makes
it possible to analyse the full commodity structure and identify groups that may
subsequently justify analysis at CN8/TARIC level.

The analysis combines descriptive statistics, year-on-year changes,
comparison with Poland’s total imports, commodity concentration analysis and a
Pareto-type assessment of the distribution of import value across CN4 headings. For
the selected case of CN 2841, geographical concentration was additionally assessed
using the Herfindahl-Hirschman Index (HHI). HHI was selected because it provides
a simple synthetic measure of concentration and gives greater weight to dominant
geographical directions through the squaring of individual shares. In this study, HHI
is used as a screening measure rather than as evidence of irregularity.

The study is subject to important data limitations. The dataset is aggregated
and does not permit the identification or analysis of individual importers, their
compliance histories or links between specific customs declarations and individual
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VAT/IPK settlements. Similarly, CN4 data do not distinguish individual products
within each four-digit heading. Consequently, changes in import value, unit value or
geographical concentration identified in this study should be interpreted as signals
that may justify further analysis, not as evidence of fraud or tax abuse. More detailed
risk assessment would require access to CN8/TARIC and transaction- or taxpayer-
level data, which were not available for the present study.

Since VAT is generally neutral for compliant taxable persons, the main
reference point for assessing the economic scale of Article 33a is the total value of
Poland’s imports rather than State-budget VAT revenue. Any VAT-equivalent
calculations presented later in the article are therefore illustrative measures of scale
and should not be interpreted as estimates of the VAT gap or potential revenue loss.

SCALE AND DYNAMICS OF IMPORTS UNDER ARTICLE 33A IN
2020-2024

The value of imports covered by the analysed data on the Article 33a
mechanism increased from approximately PLN 227.1 billion in 2020 to
approximately PLN 448.4 billion in 2022, and subsequently decreased to
approximately PLN 364.4 billion in 2024. The decline in value after 2022 does not,
however, mean that taxable persons were withdrawing from the mechanism. The
number of companies increased from 6,999 to 9,186, while the number of
declarations under the simplified import procedure reached its highest level in the
series in 2024.

Table 1. Scale and dynamics of imports using Article 33a in 2020-2024

Value Number Growth in Growth in
Value number of | Number of | number of
Year (PLN of . . .
- growth yly . companies | declarations | declarations
billion) companies
yly yly
2020| 227.1 — 6,999 — 905,391 —
2021 3239 42.6% 7,629 9.0% 1,095,954 21.0%
2022| 4484 38.4% 8,285 8.6% 986,079 -10.0%
2023| 375.6 -16.2% 8,702 5.0% 961,639 -2.5%
2024| 364.4 -3.0% 9,186 5.6% 1,142,316 18.8%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw
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Figure 1. Value of imports covered by Article 33a in 2020-2024
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400

300

PLN billion

200

100

2022
year

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

Two main conclusions may be drawn. First, the value of imports under the
Acrticle 33a mechanism reached its maximum in 2022, which may be linked both to
raw-material prices and supply-chain disruptions, as well as to the fuller use of the
simplified import mechanism following its liberalisation in 2020. Second, the
steadily increasing number of companies suggests that the mechanism is becoming
more widespread, which means that the Article 33a mechanism is not a marginal
phenomenon, but a permanent and growing element of import practice.

ARTICLE 33A OF THE VAT ACT AGAINST POLAND’S TOTAL
IMPORTS

The most appropriate comparison is between the value of imports under the
Article 33a mechanism and Poland’s total imports. Statistics Poland data were used,
according to which Poland’s imports at current prices amounted to PLN 1,521.0
billion in 2024, while imports under Article 33a accounted for 24.0% (Table 2). On
this basis, Article 33a accounted for approximately 22-26% of the value of Poland’s
imports during the period under review [GUS 2025; GUS 2020-2023].
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Table 2. Article 33a against Poland’s total imports in 2020-2024

Poland’s total imports Imports under Share of imports
Year a’ 1mp Article 33a (PLN | under Article 33a in
(PLN billion) . .

billion) total imports
2020 1,015.4 227.1 22.4%
2021 1,323.0 323.9 24.5%
2022 1,711.8 448.4 26.2%
2023 1,568.3 375.6 24.0%
2024 1,521.0 364.4 24.0%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw and Statistics Poland data

Figure 2. Share of imports under Article 33a in the total value of Poland’s imports
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Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw and Statistics Poland data

The size of the share (Figure 2) illustrates the scale of use of the simplified
procedure: the mechanism covers approximately one quarter of the value of Poland’s
imports. From the perspective of the customs and tax authorities, this means that
even though VAT is neutral for a compliant taxable person, the Article 33a
mechanism generates a considerable analytical burden. It is necessary to verify not
only compliance with the formal conditions, but also the commaodity structure, unit
values, country of dispatch, country of origin and regularity of the entities’ activity—
in other words, everything that may raise doubts given the scale of these imports.
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COMMODITY STRUCTURE AND CONCENTRATION OF THE
VALUE OF IMPORTS UNDER ARTICLE 33A OF THE VAT ACT

The commodity structure of imports under Article 33a was analysed at CN4
level, in accordance with the methodological assumptions described above. The
individual CN4 headings were additionally assigned to broader commodity groups
corresponding to CN chapters in order to provide a synthetic representation of the
import structure.

The dataset contains 1,179 distinct CN4 codes (commodity groups). The top
20% of codes, i.e. 236 items ranked by import value, account for 90.4% of the total
value of imports under the simplified import procedure in 2020-2024. This indicates
a very strong concentration effect: most of the value generated by the mechanism is
attributable to a relatively narrow range of goods.

Table 3. Commodity structure and concentration of Article 33a import value by commodity
group, 2020-2024

Share of
\g%lgg_ ?glargr?sf Number of Value in top20% | CN4| Group
Commodity 2024 urF:der CN4 ton 20% intotal | codes| coverage
group (PLN | Article commodit oprN40 Article | intop| by top
billion) 333 y groups 33a 20% 20%
imports
Machinery,
ﬁf&;;%g‘lffa“d 558.6| 32.1%| 134 | 540.8| 31.1%| 61|  96.8%
appliances
Mineral raw
materials and 415.2 23.9% 60 407.7 23.4% 8 98.2%
fuels

Chemicals and
pharmaceutical 140.2 8.1% 177 114.2 6.6% 24 81.4%
S

Base metals
and articles 134.3 7.7% 146 110.5 6.4% 33 82.3%
thereof
Texiles and 116.7 6.7% 143 94.2 54%| 27|  80.7%
clothing
Plastics and 76.6|  4.4% 43 7071 41%| 20|  92.3%

rubber
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Share of
\ga(m)lgg_ ?r?]argrg Number of value in top20% | CN4| Group
Commodity 2024 uE der CN4 ton 20% intotal | codes| coverage
group (PLN | Article commodit oprN40 Article | intop| by top
billion) 333 | Y 9roups 33a 20% 20%
imports
Furniture,
lighting, toys
and 63.5 3.7% 35 58.9 3.4% 9 92.8%
miscellaneous
goods
Transport
equipment and 47.9 2.8% 39 40.6 2.3% 7 84.9%
parts
Processed
food, 0 o 0
beverages and 42.1 2.4% 52 35.9 2.1% 8 85.3%
tobacco
Precision
apparatus and 38.1 2.2% 55 30.4 1.8% 9 80.0%
instruments

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

Figure 3. Structure of import value under Article 33a by type of goods, 2020-2024
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Figure 4. Pareto distribution of CN4 codes: cumulative share of Article 33a import value
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Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

The result is fairly unambiguous. The largest commodity group imported into
Poland under the Article 33a mechanism is not food, but machinery, electronics and
household appliances, which account for approximately 32.1% of the value of
imports under Article 33a. The second group is mineral raw materials and fuels
(23.9%). Processed food, beverages and tobacco are of much less importance
(approximately 2.4%), while vegetable and animal products together do not exceed
1% of the value. In practice, Article 33a is therefore particularly important for
importers of electronics, machinery, fuels, chemicals, metals, textiles and industrial
parts.

This is also confirmed by individual CN4 codes. CN 2709, i.e. crude
petroleum oils, represented the highest import value during the period and accounted
for 15.9% of all simplified imports. It was followed at a considerable distance by CN
8471, i.e. automatic data-processing machines, with 5% of the total, and CN 2710,
i.e. petroleum products, with 2.9%. This demonstrates the clearly industrial, raw-
material-based and technological structure of imports under the Article 33a
mechanism.
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Table 4. CN4 headings with the highest value of imports covered by Article 33a, 2020-
2024
CN4 Short description Group Vah.Je.(PLN Share Cumulative
billion) share
Petroleum oils and .
oils obtained from Mineral raw
2709 L materials and 276.3 15.9% 15.9%
bituminous fuels
minerals, crude
Automatic data-
processing .
machines and units y:;?érr‘ﬁg‘an q
8471 |thereof; magnetic or 86.8 5.0% 20.9%
. ) household
optical readers; aopliances
machines for bp
transcribing...
Petroleum oils and
8:{3;?:335(1 from Mineral raw
2710 - materials and 49.8 2.9% 23.7%
minerals, other than
. fuels
crude;
preparations...
Coal; briquettes,
ovoids and similar | Mineral raw
2701 |solid fuels materials and 48.0 2.8% 26.5%
manufactured from fuels
coal
Telephone sets and
other apparatus for |Machinery,
8517 the transmission or electronics and 441 2506 29.0%
reception of voice, |household
images or other appliances
data...
Parts suitable for
use solely or Machinery,
8529 principally with the |electronics and 416 2 4% 31.4%
apparatus of household
headings 8524 to appliances
8528
Electric Machinery,
accumulators, electronics and
8507 |including separators 39.6 2.3% 33.7%
household
therefor, whether or .
appliances
not rectangular
Salts of oxometallic Chemicals and
2841 |or peroxometallic 38.2 2.2% 35.9%

acids

pharmaceuticals
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CN4 Short description Group Vah.Je.(PLN Share Cumulative
billion) share
Parts and
accessories of the | Transport

8708 |motor vehicles of  |equipment and 24.7 1.4% 37.3%

headings 8701 to parts
8705
Monitors and Machinery,

8528 projectors; reception | electronics and 231 1.3% 38.7%
apparatus for household ) ' '
television... appliances
Flat panel display .
modules, whether or gf:c?trr]gr]ﬁglan q

8524 |not incorporating h hold 22.4 1.3% 39.9%
touch-sensitive ouseno
screens appliances
Oilcake and other
\S,\?rllle(:hr:rsfrug; Processed food,

2304 ground or in pellets beverages and 20.6 1.2% 41.1%
resulting from the tobacco
extraction...

Insulated wire, Machine
cable and other electroni::)s/’and

8544 |insulated electric household 19.3 1.1% 42.2%
conductors; optical- appliances
fibre cables... PP
Turbo-jets, turbo- gj&?g:ﬁg’an d

8411 |propellers and other 16.9 1.0% 43.2%

as turbines hOUS.EhOId
g appliances
Electrical .
transformers, static Zf:é?é?ﬁ?;‘an d

8504 |converters (e.g. 16.8 1.0% 44.2%
rectifiers) and hOUS.EhOId
inductors appliances

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

SELECTED CASE: CN 2841 - SALTS OF OXOMETALLIC OR
PEROXOMETALLIC ACIDS

CN code 2841 was selected from the broader CN4 dataset as an illustrative
case for more detailed analysis because it combines three characteristics relevant to
risk profiling: a sudden increase in import value, a high unit value and strong
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geographical concentration. In 2020, imports under this heading using Article 33a
were marginal, amounting to approximately PLN 16 million, but in 2022-2023 they
reached several billion zlotys per year, including almost PLN 16 billion in 2023.

Table 5. CN 2841 under Article 33a - value, mass, unit value and illustrative VAT

equivalent
. Ilustrative
CN284L| s | unit |5 | gparein VAT | CN 2841
value the Article X .
Year (PLN (thousand |  value 333 Poland’s |equivalentat| value
A t i 0
billion) | 1) | (PLNAD) procedure | 'MPOM® zb?lﬁog;LN growihyy

2020 0.02 1.87 8.62 0.01% 0.00% 0.00 —
2021 1.56 18.41 84.82 0.48% 0.12% 0.36 9,590.8%

2022 14.24 7456 | 191.04 3.18% 0.83% 3.28 812.3%
2023| 15.85 76.84 | 206.30 4.22% 1.01% 3.65 11.3%
2024 6.57 55.96 | 117.36 1.80% 0.43% 1.51 -58.6%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

Figure 5. CN 2841: import value under Article 33a (PLN billion), 2020-2024
CN 2841: import value under Article 33a
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Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw
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Figure 6. CN 2841: unit value (PLN/kg), 2020-2024
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Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

The most likely hypothesis concerning the sharp increase in the value of
imports under CN code 2841 is linked to the development of the lithium-ion battery
supply chain in Poland and Europe. CN heading 2841 includes, among other
products, salts of oxometallic and peroxometallic acids, while at CN/TARIC level
28419040 lithium nickel manganese cobalt oxides are distinguished, including, for
example, NMC/NCM cathode powders used in lithium-ion batteries [TariffNumber
2026].

This conclusion is consistent with the development of the battery sector in
Poland. The LG Energy Solution Wroctaw plant began production in 2017 and,
according to a Reuters overview, its target production capacity was expected to reach
115 GWh by 2025, which may indicate an increase in production during the period
under discussion [Reuters 2024]. At the same time, the European Investment Bank
announced in 2020 that it was financing the expansion of LG Chem’s battery
production in Poland, and in 2022 the European Commission approved Polish State
aid for the expansion of the LG Chem/LG Energy Solution electric-vehicle battery
plant near Wroctaw [European Investment Bank 2020; European Commission
2022].

During the same period, Umicore was developing the European cathode-
material supply chain in  Nysa and subsequently, together with
PowerCo/Volkswagen, announced the lonway project concerning the production of
cathode materials in Poland [Umicore 2023; lonway 2023].
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The increase in the value of imports of goods under CN 2841 may therefore
reflect a genuine economic change and, consequently, imports of cathode materials
or specialised metal compounds required for battery production. This does not
therefore indicate abuse; aggregated CN4-level data instead point to a profile
requiring in-depth analysis. They thus provide a useful starting point for developing
a post-clearance control profile.

HHI AS A SIMPLE MEASURE OF THE CONCENTRATION OF CN
2841 IMPORT VALUE

The Herfindahl-Hirschman Index (HHI) was used to assess the geographical
concentration of imports of goods under CN 2841. In its conventional application,
the HHI measures market concentration and is calculated as the sum of the squared
shares of individual market participants [Czarny, Rapacki 2002]. In this study, the
same method was applied not to company shares, but to the shares of countries of
dispatch or countries of origin in the import value of CN 2841. The index was
calculated using the following formula:

HHI =Y, s?,
where: s; - the share of the i-th country in the import value of the commodity heading
under examination.

If the shares are expressed as decimal fractions, the HHI takes values ranging
from close to 0 to 1. A value close to 1 indicates extreme concentration, i.e. the
dominance of a single geographical direction, while lower values indicate greater
dispersion of imports among many countries. Alternatively, shares may be expressed
in percentage points, in which case the HHI ranges from 0 to 10,000 [Dynowska,
Kes 2016]. This study uses the fractional variant, i.e. a range from 0 to 1.

High concentration may result from lawful and economically rational factors,
such as supplier specialisation, the location of cathode-material producers or the
organisation of the supply chain. The index should therefore be treated not as
evidence of abuse, but as a tool for selecting areas requiring in-depth analysis. Its
use in the case examined is additionally justified because CN 2841 is characterised
by a high unit value and a sharp increase in import value in 2021-2023. Where such
an increase is also strongly geographically concentrated, the customs and tax
administration should consider moving to the operational-data level of CN8/TARIC
codes, customs value, transport documents, links between the parties and the
subsequent use of the goods in production in order to conduct more precise risk
profiling for post-clearance import controls.
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Table 6. Geographical concentration of imports of CN 2841 goods according to the HHI

v HHI - country of | Top 3 dispatch |HHI - country of|  Top 3 origin
ear . ; L .
dispatch countries origin countries

2020 0.283 83.2% 0.295 83.0%
2021 0.373 99.3% 0.371 99.3%
2022 0.463 99.9% 0.466 99.9%
2023 0.452 99.9% 0.452 99.9%
2024 0.594 99.9% 0.594 99.9%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

Figure 7. CN 2841: geographical concentration according to the HHI
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Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

Table 7. Main countries of dispatch - CN 2841 in 2020-2024

Country of dispatch for CN Import value.2(_)20—2024 Share
2841 (PLN billion)

Republic of Korea 24.32 63.6%
Japan 7.28 19.0%
China 6.58 17.2%

India 0.03 0.1%

South Africa 0.01 0.0%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw
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The HHI values show that after 2020 CN 2841 was very strongly concentrated
geographically. In 2021-2024, the share of the three main directions generally
exceeded 99%. The data therefore do not concern small, dispersed trade, but a
specialised flow linked to a specific supply chain.

ILLUSTRATIVE VAT EQUIVALENT UNDER THE GENERAL
IMPORT-ACCOUNTING RULES AND ITS RELATIVE SCALE

Only after presenting the value of imports under Article 33a against Poland’s
total imports can the analysed mechanism be cautiously related to the VAT
dimension. Table 8 does not present the actual amount of “import VAT” or actual
budget revenue associated with the application of Article 33a. In order to illustrate
the financial scale of the analysed flows, an illustrative VAT equivalent under the
general import-accounting rules was nevertheless calculated by applying, for
illustrative purposes, a rate of 23% to the value of imports covered by Article 33a of
the VAT Act.

The value calculated in this manner should not, however, be equated with the
amount of tax that would actually have been paid into the budget if the Article 33a
mechanism had not been applied, because the actual taxable amount for VAT on
importation need not be identical to the import value used in this estimate.
Furthermore, individual goods may be subject to different tax rates. Another
important aspect must also be taken into account: abandoning accounting under
Article 33a could affect the direction of trade flows, including by causing import
customs clearance to be carried out in other EU Member States.

Table 8. Hlustrative VAT equivalent under the general import-accounting rules and its
relative-scale indicator

Ilustrative VAT equivalent Relative-scale
Imports under . State-budget | .
. under the general import- indicator for the
Year| Article 33a . 0 VAT revenue | . .
(PLN billion) accounting r_ulgs - 23% (PLN billion) |Ilustra_t|ve VAT
(PLN billion) equivalent
2020 227.1 52.2 184.5 28.3%
2021 3239 74.5 215.7 34.5%
2022 448.4 103.1 230.5 44.7%
2023 375.6 86.4 244.3 35.4%
2024 364.4 83.8 287.7 29.1%

Source: own calculations based on data from the Analytical Centre Department of the Tax
Administration Chamber in Warsaw

The comparison of the estimated amount with total State-budget VAT revenue
is therefore purely illustrative. On this basis, a relative-scale indicator for the
illustrative VAT equivalent was calculated, showing the relationship between the
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illustrative VAT equivalent corresponding to the value of imports covered by the
simplified import procedure and annual State-budget VAT revenue. This indicator
is not a measure of the tax gap, potential revenue loss or the actual risk of revenue
loss; it serves solely to illustrate the scale of the tax value associated with flows
covered by the Article 33a mechanism against the background of the entire VAT
revenue system [Ministry of Finance 2020-2024].

In 2022, the illustrative VAT equivalent calculated by applying a 23% rate to
the value of imports accounted for under Article 33a amounted to approximately
PLN 103.1 billion, equivalent to 44.7% of State-budget VAT revenue in that year.
As explained above, this ratio does not represent VAT generated by Article 33a,
potential budget revenue or a VAT-gap estimate. It serves only to illustrate the
financial scale of import flows subject to declaration-based accounting and,
consequently, the potential importance of effective ex post risk profiling.

DISCUSSION AND CONCLUSIONS

The results show that Article 33a was a significant component of Polish import
practice in 2020-2024 following the liberalisation of the mechanism in 2020. Its
importance should be assessed not only from the perspective of liquidity facilitation
for businesses but also from the perspective of customs and tax administration. A
mechanism covering approximately one quarter of the value of Polish imports
transfers a substantial volume of transactions from immediate collection of import
VAT towards declaration-based accounting and subsequent verification.

The findings support the broader literature emphasising the increasing
importance of data-based approaches to tax and customs risk management.
Alexopoulos et al. [2025] demonstrate the usefulness of transaction and network data
in VAT-risk detection, while Park, Kim and Cha [2022] and Mai et al. [2021] show
the relevance of changing trade patterns for customs-risk analysis. The present study
complements this literature by showing how relatively simple measures applied to
aggregated Article 33a data—changes in import value, commodity concentration,
unit values and geographical concentration—may serve as an initial screening layer
before more detailed operational analysis.

The CN 2841 case illustrates both the usefulness and the limits of this
approach. A rapid increase in value combined with high unit values and strong
geographical concentration may justify further examination, but it does not constitute
evidence of abuse. In this case, developments in the European lithium-ion battery
supply chain provide an economically plausible explanation for the observed trade
pattern. Risk profiling should therefore be understood as a mechanism for selecting
areas for further verification rather than as a method for automatically classifying
unusual trade flows as fraudulent.

From the perspective of tax administration, the results suggest that monitoring
Article 33a should combine changes in commaodity flows with information on unit
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values, countries of dispatch and origin and geographical concentration. Where
significant deviations are identified, analysis may subsequently move from
aggregated CN4 data to CN8/TARIC codes and, where legally and technically
available, to transaction-level customs data, VAT/JPK information and taxpayer
compliance history. Such a multi-stage approach may also reduce the risk that static
profiles become ineffective when trade patterns or commodity classifications change
over time.

The study has several limitations. The data are aggregated and therefore do
not allow individual importers to be identified, nor do they permit direct links to be
established between customs declarations and the VAT settlements of individual
taxpayers. The CN4 level also does not identify specific products within individual
headings. For these reasons, the study cannot estimate the scale of actual abuse or
the VAT gap associated with Article 33a.

Future research could extend the analysis using CN8/TARIC and transaction-
level data for commodity groups identified through initial screening, as well as by
linking customs and tax data where access conditions permit. Comparative analysis
of postponed VAT accounting in other EU Member States would also help assess
whether the patterns observed in Poland are specific to Article 33a or reflect broader
characteristics of declaration-based import VAT accounting.
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Streszczenie: Celem artykuhu jest ocena poziomu alfabetyzmu statystycznego
uczniow szkot srednich i studentéw oraz analiza wybranych komponentow tej
kompetencji. Badanie przeprowadzono wsrod 432 uczniéw 1 studentow
z wykorzystaniem autorskiego testu sytuacyjnego. Wyniki wskazuja na
istnienie luki kompetencyjnej pomiedzy efektami formalnej edukacji
matematyczno-statystycznej a poziomem alfabetyzmu  statystycznego
ujawnianym podczas interpretacji danych i rozumowania probabilistycznego.
Analiza ujawnila anomali¢ edukacyjng: uczniowie realizujgcy rozszerzony
program matematyki wykazali wyzszy poziom alfabetyzmu statystycznego niz
studenci po akademickim kursie statystyki.

Stowa Kkluczowe: alfabetyzm statystyczny, luka kompetencyjna, edukacja
statystyczna, heurystyki poznawcze, rozumowanie probabilistyczne,
interpretacja danych

JEL classification: A21, A22, D91, C12, 121

WPROWADZENIE

We wspolczesnej gospodarce opartej na wiedzy i danych zdolnos¢ do
rozumienia, interpretowania oraz krytycznej oceny informacji liczbowych staje sie
jedna z podstawowych kompetencji obywatelskich. W odpowiedzi na te wyzwania
coraz wigkszego znaczenia nabiera pojgcie alfabetyzmu statystycznego (statistical
literacy), rozumianego jako zdolno$¢ do odczytywania, interpretowania, krytycznej
oceny oraz komunikowania informacji statystycznych wykorzystywanych w zyciu
codziennym [Gal 2002]. W literaturze przedmiotu pojgcie to bywa zestawiane
z pokrewnymi, lecz odrebnymi konstruktami — rozumowaniem statystycznym
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(statistical reasoning) oraz mysleniem statystycznym (statistical thinking), przy
czym nie ma petnej zgodno$ci co do precyzyjnych granic pomiedzy tymi pojeciami
[Ben-Zvi i Garfield 2004]. Wysoki poziom alfabetyzmu statystycznego
spoteczenstwa stanowi istotny warunek podejmowania racjonalnych decyzji mikro-
i makroekonomicznych. Jak podkresla Olenski [2020], jako$¢ statystyki publicznej
oraz srodowiska informacyjnego, w ktorym ona funkcjonuje, petni funkcje istotne;j
bariery chronigcej przed dezinformacja i manipulowaniem danymi statystycznymi
w przestrzeni publicznej. Rosngca rola danych we wspdtczesnym spoteczenstwie,
napedzana rozwojem technologii Big Data, dodatkowo wzmacnia potrzebg
rozwijania kompetencji niezbednych do krytycznej oceny i poprawnej interpretacji
wynikoéw badan [Szreder 2016].

Pomimo dynamicznego rozwoju narzedzi analitycznych, rzeczywista
zdolno$¢  spoteczenstwa do poprawnego i refleksyjnego rozumowania
probabilistycznego wciaz pozostaje istotnym wyzwaniem. Przelomowe badania
Amosa Tversky'ego i Daniela Kahnemana [1974], ktére daly poczatek wspdtczesnej
ekonomii behawioralnej, wykazaty, ze ludzie w warunkach niepewnosci czesto
postuguja si¢ heurystykami poznawczymi — uproszczonymi regutami wnioskowania,
ktore cho¢ wymagaja minimalnego nakladu wysitku umystowego i ulatwiaja
podejmowanie decyzji, mogg prowadzi¢ do systematycznych btedow i zludzen
probabilistycznych. W realiach ekonomicznych brak $wiadomej kontroli nad tymi
automatyzmami prowadzi do opisywanych w literaturze bledéow poznawczych
[Tversky 1 Kahneman 1974], ktorych wystepowanie moze utrudnia¢ wlasciwa
interpretacj¢ danych zarowno w zyciu codziennym, jak i w praktyce gospodarczej.

Szczegoblnie krytycznym etapem na Sciezce edukacyjnej jest styk edukacji
sredniej 1 wyzszej. Tradycyjny model dydaktyki nauk ilosciowych ktadzie silny
nacisk na formalizm matematyczny, algorytmizacj¢ oraz pamig¢ciowe opanowanie
procedur obliczeniowych. Mozna jednak przypuszczaé, ze techniczna zdolno$é
sprawnego postugiwania si¢ aparatem matematycznym nie wspotwystepuje
automatycznie z intuicja statystyczna i refleksyjng odporno$cia na znieksztatcenia
poznawcze. Zasadne staje si¢ zatem zbadanie, w jakim stopniu formalna edukacja
matematyczno-statystyczna sprzyja rozwojowi alfabetyzmu statystycznego oraz
ogranicza podatno$¢ na btedy poznawcze ujawniajace si¢ podczas rozwigzywania
problemow wymagajacych interpretacji danych i oceny niepewnosci.

PRZEGLAD LITERATURY

Alfabetyzm statystyczny w procesie edukacji

Przywotana we Wprowadzeniu koncepcja Gala [2002] nosi peing nazwe
alfabetyzmu statystycznego dorostych (Adult Statistical Literacy) i1 zaklada
wspotwystepowanie  dwoch  komplementarnych  komponentéw.  Pierwszy,
poznawczy, obejmuje wiedze statystyczng, umiejetno$ci matematyczne oraz
zdolno$¢ krytycznego myslenia. Drugi, dyspozycyjny, obejmuje postawy,
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przekonania i motywacje do podejmowania refleksyjnej oceny informacji. Role
alfabetyzmu statystycznego w rozwoju kultury statystycznej oraz $wiadomym
funkcjonowaniu spoteczenstwa podkreslaja rowniez polscy autorzy, m.in. Domanski
[2016] i Olenski [2020].

Wraz z dynamicznym rozwojem technologii cyfrowych oraz rosngca
dostepnoscig duzych zbiorow danych, tradycyjne rozumienie alfabetyzmu
statystycznego bywa obecnie rozszerzane o kompetencje okre§lane jako data
literacy, ktorych rozwo6j Gould [2017] postuluje uwzglednia¢ juz na wczesnych
etapach edukacji, migdzy innymi poprzez wprowadzanie programéw data science
w szkotach §rednich. Na gruncie polskim podobne stanowisko prezentuja Jasiewicz
i Stopnicka [2016], wskazujac, ze umiejetnos$¢ krytycznej analizy danych staje si¢
jednym z podstawowych elementéw wspotczesnych kompetencji obywatelskich
1 zawodowych.

Jednoczesnie liczne badania z zakresu edukacji statystycznej podkres$laja, ze
opanowanie procedur obliczeniowych nie jest tozsame z rozwojem kompetencji
zwigzanych z interpretacja danych i rozumowaniem statystycznym. Batanero
i wspoétautorzy [2016] wskazuja, ze skuteczne ksztalcenie statystyczne wymaga
rozwijania nie tylko wiedzy proceduralnej, lecz rowniez rozumienia poje¢ oraz
umiejetnoscei interpretacji wynikoéw analiz. Podobne stanowisko prezentuja Wild
i Pfannkuch [1999], ktérzy podkreslaja znaczenie kontekstu oraz procesu
wnioskowania statystycznego. Ujecie to znajduje rowniez uzasadnienie
w psychologii poznawczej, gdzie teoria dwuprocesowego przetwarzania informacji
zaklada istnienie dwoch komplementarnych sposobow rozumowania: szybkiego,
intuicyjnego i automatycznego (System 1) oraz wolniejszego, analitycznego
i $wiadomie kontrolowanego (System 2). Dominacja przetwarzania
charakterystycznego dla Systemu 1 sprzyja wykorzystywaniu heurystyk, ktére moga
prowadzi¢ do bledow poznawczych podczas oceny danych i rozumowania
probabilistycznego.

Nowsze badania empiryczne potwierdzaja, ze rozwdj alfabetyzmu
statystycznego na kolejnych etapach ksztalcenia nie ma charakteru jednorodnego.
Kurnia, Lowrie i Patahuddin [2024] wykazali r6znice miedzy uczniami z ré6znych
poziomdéw edukacyjnych, wskazujac zarazem, ze znaczna cze$¢ badanych
postugiwata si¢ wiedza statystyczng w sposob niekrytyczny. Z kolei Phadke,
Beckman i Lock Morgan [2024] wykazali, ze kontekst zadan moze wptywac na
wyniki pomiaru alfabetyzmu statystycznego studentéw, co podkresla znaczenie
osadzania diagnozy tej kompetencji w realistycznych sytuacjach problemowych.

Przytoczone koncepcje wskazuja, ze alfabetyzm statystyczny wykracza poza
sprawno$¢ wykonywania obliczen i obejmuje zdolno$¢ poprawnego rozumowania
w sytuacjach wymagajacych interpretacji danych oraz oceny niepewnoSci.
W praktyce oznacza to konieczno$¢ uwzgledniania podczas ksztatcenia nie tylko
aspektow rachunkowych, lecz réwniez umiejetnosci krytycznej interpretacji
i analizy informacji statystycznych.



Alfabetyzm statystyczny a putapki myslenia ... 169

Pulapki myS$lenia w rozumowaniu probabilistycznym — rola heurystyk
poznawczych

Konsekwencja dominacji Systemu 1, opisanej w poprzednim podrozdziale, sa
systematyczne btedy poznawcze, ktére w niniejszym artykule okre§lono jako
putapki myslenia [Kahneman 2011]. W literaturze przedmiotu szczegdlnie czgsto
opisywane sg cztery rodzaje bltedow poznawczych majacych znaczenie dla
rozumowania statystycznego. Jednym z nich jest niewrazliwo$¢ na wielkos¢ proby,
polegajaca na traktowaniu niewielkich prob jako reprezentatywnych dla catej
populacji, mimo ze sg one znacznie bardziej podatne na przypadkowe odchylenia od
warto$ci oczekiwanych [Tversky i Kahneman 1971]. Istotnym znieksztalceniem
poznawczym jest rowniez zludzenie gracza, przejawiajace si¢ bltednym
przekonaniem, ze losowe sekwencje zdarzen powinny w krotkim okresie
samoczynnie wyrownywa¢ wczesniejsze odchylenia, co prowadzi do naruszenia
zasady niezaleznosci zdarzen [Kahneman i Tversky 1972]. Do czesto analizowanych
znieksztalcen nalezy takze niewrazliwo$¢ na zmienno$¢ danych, polegajaca na
koncentrowaniu uwagi wytacznie na miarach potozenia, z pomini¢ciem informacji
o rozproszeniu danych, co moze prowadzi¢ do blednej oceny ryzyka i stabilnoSci
analizowanych zjawisk [Ben-Zvi i Garfield 2004]. Szczegolne miejsce w literaturze
zajmuje rowniez blad proporcji podstawowej (base rate fallacy), polegajacy na
pomijaniu informacji o czg¢stosci wystgpowania zjawiska na rzecz pojedynczych
informacji szczegétowych, mimo Ze to wiasnie proporcja podstawowa stanowi
kluczowy element poprawnego rozumowania probabilistycznego [Bar-Hillel 1980].
Badania Gigerenzera i Hoffrage'a [1995] pokazujg, ze btad ten wystepuje nawet
u 0séb posiadajgcych wysokie kwalifikacje zawodowe.

Opisane btedy poznawcze, bedace konsekwencjg dzialania heurystyk,
stanowily teoretyczng podstawe konstrukcji dystraktorow wykorzystanych
w autorskim narzedziu badawczym. Celem badania nie byt pomiar samych
heurystyk, lecz ocena wybranych komponentéw alfabetyzmu statystycznego
w sytuacjach, w ktérych heurystyki mogly prowadzi¢ do wyboru niepoprawnych
odpowiedzi.

CEL I METODYKA BADAN

Cel badan

Celem badania jest ocena poziomu alfabetyzmu statystycznego oraz
identyfikacja ewentualnej luki kompetencyjnej migdzy nim a poziomem formalnej
edukacji  matematyczno-statystycznej. Na  potrzeby badania luke tg
zoperacjonalizowano jako brak oczekiwanego, jednokierunkowego wzrostu
wynikoéw testu wraz z kolejnymi poziomami formalnej edukacji matematyczno-
statystycznej, ze szczegdlnym uwzglednieniem pordéwnania studentow po
ukonczeniu akademickiego kursu statystyki z uczniami realizujagcymi matematyke
w zakresie podstawowym i rozszerzonym. W ramach badania analizowano rowniez
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podatnos¢ respondentéw na wybrane btedy poznawcze ujawniajace si¢ podczas
rozumowania probabilistycznego. Szczegdlng uwage poswigcono umiejetnosci
poprawnej interpretacji informacji statystycznych w sytuacjach wymagajacych
oceny ryzyka, niepewnosci oraz prawdopodobienstwa.
W nawigzaniu do oméwionych wczesniej putapek myslenia wynikajacych
z dziatania heurystyk poznawczych analizowano w szczegdlnosci, czy wzrost
poziomu formalnego wyksztalcenia matematyczno-statystycznego wigze si¢
z ograniczeniem podatnos$ci na wybrane btedy poznawcze opisywane w literaturze
dotyczacej rozumowania probabilistycznego.
W zwigzku z tak sformulowanym celem postawiono nastgpujace pytania
badawcze:
e PBI. Czy poziom alfabetyzmu statystycznego rézni si¢ pomiedzy uczniami szkot
ponadpodstawowych realizujacymi matematyke na poziomie podstawowym
i rozszerzonym oraz studentami kierunkow ekonomiczno-menedzerskich?
e PB2. Ktore obszary alfabetyzmu statystycznego sprawiaja najwicksze trudnosci
poszczegdlnym grupom respondentow?
e PB3. Czy wraz ze wzrostem poziomu formalnej edukacji matematyczno-
statystycznej zmniejsza si¢ podatno$¢ na wybrane bledy rozumowania
probabilistycznego?

Material badawczy i przebieg badania

Badanie zrealizowano w okresie maj—czerwiec 2026 roku metoda sondazu
diagnostycznego z wykorzystaniem celowego doboru proby (N =432
respondentdéw). Strukture proby tworzg trzy grupy:

e Uczniowie (matematyka w zakresie podstawowym), N = 123: uczniowie klas
trzecich (przedmaturalnych) dwoch publicznych liceow ogolnoksztatcacych,
realizujacy matematyke w zakresie podstawowym.

e Uczniowie (matematyka w zakresie rozszerzonym), N =41: uczniowie klas
trzecich tych samych placowek, realizujacy program rozszerzony.

e Studenci, N = 268: studenci I 1 II roku kierunkéw ekonomiczno-menedzerskich
dwdch publicznych uczelni w Polsce centralnej, ktérzy pomys$lnie ukonczyli
akademicki kurs statystyki.

Dobor uczniow klas przedmaturalnych byt celowym zabiegiem
metodologicznym: na tym etapie nie realizowali oni jeszcze szkolnego modutu
statystyki i rachunku prawdopodobienstwa. Pozwolitlo to na wyizolowanie ich
naturalnej sprawnosci analitycznej, tworzac punkt odniesienia dla studentow
posiadajacych sformalizowang wiedze¢ akademicka. Warto zaznaczy¢, ze liczebnos¢
grupy realizujacej program rozszerzony (N =41) odzwierciedla rzeczywista
proporcje ucznidéw wybierajacych matematyke rozszerzona w badanych
placéwkach. Nierownoliczno$¢ grup uwzgledniono za pomoca testu t-Welcha.

Sesje  badawcze przeprowadzono w  kontrolowanych  warunkach
audytoryjnych technika ankiety papierowej (PAPI), co wyeliminowato uzycie
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kalkulatorow, narzedzi Al czy pomocy zewnetrznych. Udziat byl dobrowolny
i anonimowy. Aby zminimalizowa¢ presj¢ czasowa 1 watwic aktywacje Systemu 2,
czas odpowiedzi nie byt ograniczany. Instrukcja celowo nie sugerowata
matematycznego charakteru zadan, zapobiegajac sztucznemu wywotaniu
podwyzszonej czujnosci poznawczej.

Z uwagi na specyfike celdow badawczych, w pracy zastosowano nielosowy
dobor celowy, ukierunkowany na wyizolowanie grup respondentow o $cisle
zdefiniowanych profilach edukacyjnych. Cho¢ nielosowy charakter proby naktada
pewne ograniczenia w zakresie bezposredniej generalizacji wynikow na calg
populacje, zastosowanie aparatu statystyki indukcyjnej (testow chi-kwadrat (y?) oraz
t-Welcha) posiada silne uzasadnienie metodologiczne. Testy istotnosci stuza jako
formalne kryterium oceny, czy zaobserwowane dysproporcje migdzy grupami majg
charakter systematyczny, czy tez sg dzietem przypadku wewnatrz badanej proby.
Dodatkowo, w celu uniezaleznienia wnioskowania od specyfiki rekrutacji proby,
analiz¢ uzupekliono o badanie wielkosci efektu (wspotczynniki V Craméra), co
pozwala na rzetelng ocen¢ rzeczywistej sity zidentyfikowanych zaleznosci.
W konsekwencji wyniki testow istotnosci nalezy interpretowac jako opis relacji
zaobserwowanych w obrebie badanej proby, nie za$ jako podstawe do bezposredniej
generalizacji na calg populacj¢ uczniéw i studentow w Polsce.

Dla przeprowadzonych testow podano wartosci statystyk testowych oraz
odpowiadajace im wartosci p (p-value).

Konstrukcja i charakterystyka narzedzia badawczego

Narzedzie badawcze stanowil autorski test sytuacyjny obejmujacy cztery
zamkniete zadania jednokrotnego wyboru, osadzone w realistycznych kontekstach
spoteczno-gospodarczych. Test nie mial charakteru sprawdzianu wiedzy szkolnej,
lecz zostat zaprojektowany jako narzedzie diagnostyczne stuzace ocenie wybranych
komponentéw alfabetyzmu statystycznego ujawniajacych si¢ w sytuacjach
wymagajacych interpretacji danych, oceny ryzyka oraz rozumowania
probabilistycznego.

Konstrukcja narzedzia zostala oparta na klasycznych problemach
opisywanych w literaturze dotyczacej alfabetyzmu statystycznego, rozumowania
statystycznego oraz psychologii poznawczej [Gal 2002; Ben-Zvi i Garfield 2004;
Kahneman 2011]. Poszczegolne zadania odwotywaly sie do czterech opisanych
w literaturze wzorcow btednego rozumowania: prawa matych liczb, zludzenia
gracza, niewrazliwo$ci na zmienno$¢ danych oraz bledu proporcji podstawowe;,
szczegdtowo omoéwionych w czesci Przegladu literatury poswieconej putapkom
myS$lenia w rozumowaniu probabilistycznym. Zmieniono kontekst sytuacyjny,
osadzajac zadania w realiach wspolczesnej gospodarki i zycia spotecznego, co miato
zwigkszy¢ ich komunikatywno$¢ oraz ograniczy¢ mozliwo$¢ odwolywania si¢ przez
respondentow do zapamietanych schematéw szkolnych. Kazde zadanie
reprezentowalo odmienny komponent alfabetyzmu statystycznego.
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Poprawne rozwigzanie kazdego zadania wymagato analitycznej interpretacji
informacji statystycznych, charakterystycznej dla Systemu 2, natomiast odpowiedzi
niepoprawne (dystraktory) skonstruowano tak, aby odpowiadaly wzorcom
intuicyjnego rozumowania wigzanym w literaturze z dziataniem Systemu 1. Wybor
dystraktora wskazywat zatem na odpowiedz zgodna z okreslonym wzorcem
btednego rozumowania, nie stanowit jednak bezposredniego pomiaru zastosowania
konkretnej heurystyki.

Przed rozpoczgciem badania wlasciwego narzgdzie poddano pilotazowi
z udzialem nauczyciela matematyki oraz pigciu uczniéw szkoty ponadpodstawowe;j.
Celem pilotazu byta ocena zrozumiatosci polecen, jednoznaczno$ci odpowiedzi oraz
poprawnos$ci konstrukcji zadan. Zgloszone uwagi postuzyly do doprecyzowania
tresci pytan i instrukcji. Ogolng strukture logiczng narzg¢dzia przedstawiono w Tabeli

1.

Tabela 1. Specyfikacja logiczno-strukturalna zadan testowych

Kompetencja
Badany komponent Dominujaca wymagana do
Zadanie alfabetyzmu putapka poznawcza poprawnego
statystycznego (System 1) rozwigzania
(System 2)
Z.1:
Influencerzy Wptyw liczebnosci Prawo matych liczb | Ocena wptywu
(Zasiggi proby na zmienno$¢ | (heurystyka wielko$ci proby na
a proporcja wynikow reprezentatywnosci) | zmienno$¢ wynikow
polubien)
7.2: Rozumienie Rozpoznanie
Logistyka losowosci Ztudzenie eracza niezaleznos$ci
(Sekwencje tirow | 1 niezaleznosci & kolejnych zdarzen
przy bramkach) zdarzen losowych
Z7.3: Pomijanie L
. . . P Wykorzystanie miar
Zarzadzanie Interpretacja zmiennosci .
T . . rozproszenia do
(Ocena zréznicowania (koncentracja R
. . oceny stabilnosci
efektywnosci danych wylacznie na ikow
pracownikow) $redniej) Wy
7.4 . Uwzglednienie
Interpretacja .. AR .
Systemy Al . Btad proporcji czestosci bazowej
. prawdopodobienstwa : .
(Wykrywanie warunkowego podstawowe;j przy ocenie
podrobek ofert) & prawdopodobienstwa

Zrddto: opracowanie whasne
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WYNIKI BADAN

Analiza wynikéw skrajnych — podatnos$¢ i odpornos$é¢ na bledy poznawcze

Pierwszym etapem analizy empirycznej byta ocena wynikéw skrajnych (0 lub
4 punkty). Wynik 0 punktow interpretowano jako pelng podatno$¢ na analizowane
btedy poznawcze, natomiast wynik 4 punktow jako pelna odporno$¢ na te bledy,
rozumiang jako zdolno$¢ do konsekwentnego odrzucania intuicyjnych, lecz
btednych odpowiedzi i stosowania poprawnego rozumowania analitycznego we
wszystkich zadaniach testowych. Wyniki posrednie (1-3 pkt) poddano odrgbne;j
analizie w kolejnych cze$ciach pracy.

Rozktad wynikow skrajnych w poszczegolnych grupach badawczych
przedstawiono w Tabeli 2.

Tabela 2. Zestawienie wynikow skrajnych (0 i 4 punkty) w zaleznosci od profilu

edukacyjnego badanych
Petna podatnos¢ na | Petna odpornosé na
Grupa badawcza N analizowane bledy | analizowane bledy

poznawcze (0 pkt) poznawcze (4 pkt)

Uczniowie

(matematyka 123 15 (12,2%) 3 (2,4%)

w zakresie

podstawowym)

Uczniowie

(matematyka 41 0 (0,0%) 23 (56,1%)

w zakresie

r0Zszerzonym)

Studenci kierunkow

ekonomiczno- 268 48 (17,9%) 23 (8,6%)

menedzerskich

Objasnienia: procenty w nawiasach odnosza si¢ do catkowitej liczebnosci danej grupy.

Zrédto: opracowanie whasne na podstawie badafh empirycznych

Analiza rozkladu odpowiedzi ujawnia glebokie zréznicowanie badanych
grup:

e Niemal powszechna odporno$¢ ucznidow z programem rozszerzonym — w tej
grupie nie odnotowano ani jednego przypadku calkowitej uleglo$ci wobec
dystraktoréw (0,0%), a ponad potowa respondentow (56,1%) rozwigzata
bezbtednie wszystkie zadania.

e Wyrazna podatnos¢ studentéw kierunkéw ekonomiczno-menedzerskich —
odsetek osob osiagajacych wynik zerowy (17,9%) okazatl si¢ najwyzszy sposrod
badanych grup i ponad dwukrotnie przewyzszat odsetek wynikéw maksymalnych
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(8,6%), co czyni te grupe najbardziej podatng na intuicyjne pulapki myslenia
sposrod wszystkich trzech.

e Uczniowie z programem podstawowym blizej studentow niz rowiesnikow
z rozszerzeniem — niewielki odsetek wynikow maksymalnych (2,4%)
wspotwystepowat z relatywnie wysokim udziatem wynikow zerowych (12,2%).

Istotno$¢  statystyczng zalezno$ci migdzy profilem edukacyjnym
respondentdow a poziomem podatnosci i odpornosci na bledy poznawcze
zweryfikowano testem chi-kwadrat (¥?). Zatozenia reguly Cochrana zostaty
spelnione (minimalna liczebno$¢ oczekiwana wyniosta 7,88), co pozwolito na
prawidtowe przeprowadzenie testu pomimo zerowej liczebnosci w jednej z komorek
tabeli. Analiza wykazata istotny zwigzek migdzy profilem edukacyjnym
respondentdw a wystepowaniem wynikow skrajnych (¥*(2) = 38,66; p < 0,001).
W celu oceny sily tej zalezno$ci obliczono wspdtezynnik V Craméra (V = 0,59),
ktorego warto$¢ — zgodnie z kryteriami interpretacji efektu zaproponowanymi przez
Cohena [1988] — wskazuje na duza site zwigzku. Te same kryteria interpretacji
zastosowano konsekwentnie rowniez w dalszej czgsci pracy podczas analizy
poszczegdlnych zadan.

Wyniki te dostarczajg pierwszej empirycznej przestanki odnoszacej si¢ do
pytania badawczego PB3: wyzszy poziom formalnej edukacji matematyczno-
statystycznej nie przektada si¢ automatycznie na wigksza odpornosé na analizowane
btedy poznawcze. Co wigcej, sam kierunek tej zaleznosci bywa odwrotny do
intuicyjnie oczekiwanego — zjawisko to wymaga poglebionej analizy przedstawionej
w dalszej czesci artykutu.

Rozktad wyboru dystraktorow wskazuje, ze czgs¢ odpowiedzi byta zgodna
z intuicyjnymi wzorcami przetwarzania informacji charakterystycznymi dla
Systemu 1, podczas gdy poprawne rozwigzanie wymagato analitycznego
rozumowania charakterystycznego dla Systemu 2. Ze wzgledu na konstrukcje
narzgdzia nie mozna jednak utozsamia¢é wyboru konkretnego dystraktora
z bezposrednim pomiarem zastosowania okreslonej heurystyki.

Ogolny poziom alfabetyzmu statystycznego — analiza wynikéw $rednich

Kolejnym etapem analizy byla ocena ogdlnego poziomu analizowanej
kompetencji w badanych grupach, wyrazonego s$rednig liczba poprawnych
odpowiedzi. Statystyki opisowe, przedstawione w Tabeli 3, ujawniaja wyrazna
hierarchie¢ wynikéw: najwyzszy poziom kompetencji w badanym zakresie
i najwigksza jednorodnos¢ osiagneli uczniowie realizujacy matematyke w zakresie
rozszerzonym. Odmienny obraz wuzyskano wsrod studentow kierunkow
ekonomiczno-menedzerskich, ktorzy osiagneli sredni wynik zblizony do uczniow
realizujacych matematyke w zakresie podstawowym, przy jednocze$nie
najwiekszym rozproszeniu wynikow.
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Tabela 3. Statystyki opisowe wynikoéw testu w badanych grupach

Odchylenie Wspolczynnik

Grupa badawcza Srednia ) L
standardowe zmiennosci

Uczniowie
(matematyka

w zakresie
podstawowym)
Uczniowie
(matematyka

w zakresie
rozszerzonym)
Studenci kierunkow
ekonomiczno- 1,62 1,18 72,6%
menedzerskich

1,46 0,86 58,9%

3,12 1,17 37,4%

Zrédto: opracowanie whasne na podstawie badan empirycznych

Test Shapiro—Wilka wykazal odstepstwa od rozkladu normalnego we
wszystkich grupach: uczniéw realizujgcych matematyke w zakresie podstawowym
(W = 0,864; p < 0,001), uczniow realizujagcych matematyke w zakresie
rozszerzonym (W = 0,722; p < 0,001) oraz studentow (W = 0,900; p < 0,001). Test
Browna—Forsythe’a wskazal ponadto na brak homogenicznosci wariancji (F(2, 429)
= 4,06; p = 0,018). Ze wzglgdu na nierowne liczebno$ci grup i zréoznicowanie
wariancji do porownania Srednich zastosowano dwustronny test t-Welcha dla prob
niezaleznych. Przy liczebnosciach analizowanych grup test ten pozostaje
dostatecznie odporny na odstgpstwa od normalnosci; stabilnos¢ uzyskanych
wnioskow zweryfikowano dodatkowo testem U Manna—Whitneya. Poniewaz
przeprowadzono trzy pordwnania, zastosowano poprawke Bonferroniego,
przyjmujac skorygowany poziom istotnosci a = 0,0167.

Poréwnania parami $rednich wynikdw ujawniajg wyrazny wzorzec:

e Rozszerzony program wyprzedza podstawowy — roznica $rednich okazata si¢
istotna statystycznie (t(55,29) = 8,38; p < 0,001), na korzy$¢ ucznidw
realizujacych matematyke w zakresie rozszerzonym.

e Rozszerzony program wyprzedza tez studia — stwierdzono istotng statystycznie
réznice (t(53,22) = 7,68; p < 0,001), rowniez na korzys¢ ucznidéw z programem
rozszerzonym.

e Studenci nie odrozniaja si¢ od ucznidéw z programem podstawowym — nie
stwierdzono istotnej statystycznie roznicy $rednich (t(314,64) =1,47; p=0,141).
Warto$¢ p przekroczyla zardwno klasyczny, jak i1 skorygowany poziom
istotno$ci, co oznacza brak podstaw do odrzucenia hipotezy o braku rdéznic
migdzy $rednimi wynikami obu grup. W badanej probie $redni poziom
kompetencji studentow po ukonczeniu akademickiego kursu statystyki nie r6znit
si¢ istotnie od poziomu reprezentowanego przez uczniow realizujacych
matematyke wylacznie w zakresie podstawowym.
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Kontrolne poréwnania testem U Manna—Whitneya potwierdzity wszystkie
rozstrzygniecia uzyskane testem Welcha: dla uczniéw realizujacych matematyke
w zakresie rozszerzonym i podstawowym uzyskano U = 802,5; p < 0,001, dla
uczniow realizujagcych matematyke w zakresie rozszerzonym 1 studentow
U = 8822,5; p < 0,001, natomiast dla uczniow realizujacych matematyke w zakresie
podstawowym i studentow U = 15705; p = 0,435.

Uzyskane wyniki stanowig bezposrednig odpowiedz na pytania badawcze
PB1 i PB3. Analiza wykazala istotne zr6znicowanie ogolnego poziomu alfabetyzmu
statystycznego pomiedzy badanymi grupami oraz wskazata, ze wzrost poziomu
formalnej edukacji matematyczno-statystycznej nie prowadzi automatycznie do
wyzszych rezultatow w tym zakresie. Swiadczy o tym fakt, ze studenci, pomimo
ukonczenia akademickiego kursu statystyki, nie uzyskali wynikow lepszych od
ucznidéw realizujacych matematyke w zakresie rozszerzonym — to wilasnie ta grupa
osiagneta najwyzszy poziom analizowanej kompetencji. Anomalia ta wskazuje, ze
sam wzrost poziomu formalnej edukacji matematyczno-statystycznej nie gwarantuje
ani wyzszego poziomu alfabetyzmu statystycznego, ani wigkszej odpornosci na
analizowane bledy poznawcze. Mozliwe przyczyny tego zjawiska omodwiono
w czesci poswigconej dyskusji wynikow.

Analiza poszczegdélnych komponentéw alfabetyzmu statystycznego

W kolejnym etapie analizy oceniono odsetek poprawnych odpowiedzi
uzyskanych w poszczegdlnych zadaniach testowych. Pozwolito to ustali¢, ktore
obszary alfabetyzmu statystycznego sprawialy respondentom najwigksze trudno$ci
oraz w jakim stopniu wyniki roéznity si¢ pomi¢dzy badanymi grupami. Odsetek
poprawnych odpowiedzi w podziale na profil edukacyjny badanych przedstawiono
na Rysunku 1.
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Rysunek 1. Odsetek poprawnych odpowiedzi w poszczegdlnych zadaniach testowych
z podziatem na profil edukacyjny badanych

100% - 100%
i
° 80%
S 80% | 76%
o
<
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s >1% B 8% 6% I 48%
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2 40% - 34% B 3194
Q.
Q 0,
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Zadanie 1 Zadanie 2 Zadanie 3 Zadanie 4

O Uczniowie (matematyka podstawowa)
W Uczniowie (matematyka rozszerzona)
B Studenci

Zrddto: opracowanie wlasne

Zalezno$¢ pomiedzy profilem ksztalcenia a poprawnoscig odpowiedzi

w poszczegdlnych zadaniach testowych zweryfikowano za pomoca testu chi-

kwadrat (). Kazde z analizowanych zadan zostato zaprojektowane w celu oceny

innego komponentu, przedstawionego w cz¢sci dotyczacej konstrukcji narzedzia
badawczego. Ze wzgledu na przeprowadzenie czterech niezaleznych testow na tym
samym zbiorze danych =zastosowano poprawke Bonferroniego, przyjmujac
skorygowany poziom istotno$ci o = 0,0125. Wszystkie uzyskane wartosci p okazaty
si¢ nizsze od tego progu, co potwierdza istotne statystycznie zrdznicowanie
poprawnos$ci odpowiedzi pomiedzy badanymi grupami.

Cztery zadania testowe ujawniajg odmienne oblicza tej samej prawidtowosci.

Dla kazdego zadania przedstawiono wartos¢ statystyki y%, odpowiadajacg jej wartos¢

p oraz wspotczynnik V Craméra jako miare sity zwiazku:

o Wplyw wielkosci proby (Zadanie 1) — najwyzszy odsetek poprawnych
odpowiedzi uzyskali uczniowie realizujacy matematyke w zakresie
rozszerzonym (76%). Nizsze wyniki odnotowano wsrod studentow (35%) oraz
ucznidéw realizujgcych matematyke w zakresie podstawowym (15%). Analiza
wykazata istotny statystycznie zwigzek migdzy profilem edukacyjnym
respondentdw a poprawnoscia odpowiedzi (¥*(2) = 52,87; p < 0,001), a warto$§¢
wspotczynnika V Craméra (V = 0,35) wskazuje na umiarkowang sile tego
zwigzku.

e Rozumienie losowosci (Zadanie 2) — 80% ucznidow realizujacych matematyke
w zakresie rozszerzonym poprawnie rozpoznalo niezaleznos$¢ zdarzen, podczas
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gdy wyniki pozostatych dwoch grup oscylowaly wokot poziomu losowego
zgadywania (51% 1 48%). Rozktad poprawnych odpowiedzi pozostawat
w istotnym statystycznie zwigzku z profilem edukacyjnym respondentow
(¥*(2) = 14,97; p = 0,0006). Warto§¢ wspotczynnika V Craméra (V = 0,19)
wskazuje jednak na stabg sile tego zwiazku.

e Interpretacja zmienno$ci danych (Zadanie 3) — wszyscy uczniowie realizujacy
matematyke w zakresie rozszerzonym rozwigzali zadanie poprawnie (100%),
podczas gdy studenci oraz uczniowie realizujacy matematyke w zakresie
podstawowym uzyskali wyniki ponad dwukrotnie nizsze (odpowiednio 48%
1 46%). Zalezno$¢ miedzy profilem edukacyjnym respondentow a poprawnoscia
odpowiedzi okazala si¢ istotna statystycznie (¥*(2) = 41,02; p <0,001), a wartos¢
wspotczynnika V Craméra (V = 0,31) wskazuje na umiarkowang site tego
zwigzku. Warto zauwazy¢, ze jest to jedyne z czterech zadan, w ktorym wszyscy
uczniowie realizujacy program rozszerzony udzielili poprawnej odpowiedzi.

e Prawdopodobienstwo warunkowe (Zadanie 4) — komponent ten okazal si¢
najtrudniejszy dla ucznidow realizujgcych matematyke w zakresie rozszerzonym
oraz dla studentdéw, ktorzy uzyskali tu swoje najnizsze wyniki sposrod
wszystkich czterech zadan (odpowiednio 56% i 31%). Wyjatek stanowili
uczniowie realizujacy matematyke w zakresie podstawowym, dla ktorych nizszy
wynik odnotowano jedynie w Zadaniu 1 (15%); w Zadaniu 4 uzyskali oni 34%
poprawnych odpowiedzi. Poprawno$¢ odpowiedzi pozostawata w istotnym
statystycznie zwigzku z profilem edukacyjnym respondentow (¥*(2) = 10,30;
p = 0,0058). Warto$¢ wspotczynnika V Craméra (V = 0,15) wskazuje jednak na
stabg sit¢ tego zwigzku.

Analiza poszczegdlnych komponentéw badanej kompetencji pozwolita
odpowiedzie¢ na pytanie badawcze PB2. Najwicksze trudnosci respondentom
sprawiato prawdopodobienstwo warunkowe — zwtaszcza uczniom z programem
rozszerzonym oraz studentom — natomiast dla uczniéw z programem podstawowym
najwickszym wyzwaniem okazato si¢ rozumienie wptywu wielkosci proby. We
wszystkich analizowanych obszarach najwyzsze odsetki poprawnych odpowiedzi
uzyskali uczniowie realizujacy matematyke w zakresie rozszerzonym. Wyniki te
uszczegoOtawiaja rezultaty przedstawione w czesci poswieconej pordwnaniu srednich
wynikoOw grup. Analiza sily zalezno$ci miara V Craméra ujawnita, ze za
zrdéznicowanie poziomu kompetencji pomiedzy badanymi grupami w najwiekszym
stopniu odpowiadaty komponenty zwiazane z wielko$cia proby (Zadanie 1) oraz
interpretacja zmienno$ci danych (Zadanie 3), gdzie odnotowano umiarkowang sitg
zwigzku.

Podsumowujac, analiza poszczegélnych komponentéw potwierdzita, ze
wzrost poziomu formalnej edukacji matematyczno-statystycznej nie zawsze
przektada si¢ na wyzszy poziom badanej kompetencji. Obserwacja ta jest zgodna
z przyjetym w niniejszym artykule rozumieniem luki kompetencyjnej jako
rozbieznos$ci pomigdzy efektami formalnej edukacji matematyczno-statystycznej
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a poziomem alfabetyzmu statystycznego ujawnianym podczas interpretacji danych
i rozumowania probabilistycznego.

WNIOSKI I DYSKUSJA
Synteza wynikow

Przeprowadzone badanie wykazato trzy najwazniejsze prawidtowosci:

e Zroznicowanie kompetencyjne miedzy grupami — poziom alfabetyzmu
statystycznego istotnie roznil si¢ pomigdzy analizowanymi grupami, przy czym
najwyzsze wyniki uzyskali uczniowie realizujacy matematyke w zakresie
rozszerzonym.

e Zrdznicowanie trudnos$ci poszczegolnych komponentéw kompetencji — uczniom
realizujagcym matematyke w zakresie rozszerzonym oraz studentom najwigksza
trudno$¢ sprawiato prawdopodobienstwo warunkowe, natomiast w grupie
uczniéw realizujacych matematyke w zakresie podstawowym najnizszy wynik
odnotowano w zadaniu dotyczacym wplywu wielkos$ci proby.

e Brak jednokierunkowego wzrostu kompetencji wraz z poziomem edukacji —
studenci, mimo ukonczenia akademickiego kursu statystyki, nie uzyskali
statystycznie istotnej przewagi nad uczniami realizujacymi matematyke
w zakresie podstawowym. Najwyzszy poziom badanej kompetencji stwierdzono
natomiast wsrod uczniow realizujagcych matematyke w zakresie rozszerzonym.

Dyskusja wynikow

Przeprowadzone badanie ujawnilo w analizowanej probie swoistg anomali¢
edukacyjng: wyniki nie uktadaty si¢ zgodnie z oczekiwanym, jednokierunkowym
wzrostem alfabetyzmu statystycznego w grupach reprezentujacych kolejne etapy
formalnej edukacji. Prawidtowosc¢ ta dotyczyta rowniez odporno$ci na analizowane
btedy poznawcze. Wyniki nie wskazuja zatem, aby osoby po ukonczeniu kursu
statystyki byly w badanej probie bardziej odporne na uleganie heurystykom.
Podobny brak jednorodno$ci rozwoju alfabetyzmu statystycznego pomiedzy
kolejnymi poziomami ksztatcenia odnotowali rowniez Kurnia, Lowrie i Patahuddin
[2024], co wskazuje, ze stwierdzona anomalia nie stanowi odosobnionego
przypadku w literaturze przedmiotu.

Jednym z mozliwych wyjasnien uzyskanego uktadu wynikow jest odmienny
charakter kompetencji rozwijanych w toku edukacji szkolnej i akademickie;j.
Nauczanie statystyki na poziomie akademickim koncentruje si¢ czesto na
opanowaniu metod obliczeniowych i procedur statystycznych, podczas gdy zadania
wykorzystane w niniejszym badaniu wymagaly przede wszystkim interpretacji
informacji, krytycznej oceny danych oraz §wiadomego wnioskowania w warunkach
niepewnos$ci. Z kolei systematyczne rozwigzywanie w szkole $redniej zadan
wymagajacych uzasadniania i weryfikowania wlasnego rozumowania moze sprzyjac
gotowosci do podwazania pierwszych intuicji. Na stwierdzone rdznice mogly
wpltywaé rowniez czynniki selekcyjne, w tym wczesniejsze kompetencje
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matematyczne i motywacja uczniow wybierajagcych zakres rozszerzony, ktérych
wplywu nie mozna oddzieli¢ od wplywu sposobu ksztalcenia w badaniu
przekrojowym. Interpretacja ta ma jednak charakter hipotetyczny i wymaga
weryfikacji w dalszych badaniach.

Uzyskane rezultaty wpisuja si¢ w opisywang w literaturze rozbiezno$¢
pomigdzy opanowaniem procedur statystycznych a umiejetnoscig ich praktycznego
wykorzystania. Sa réwniez zgodne z koncepcjg alfabetyzmu statystycznego
przedstawiong przez Gala [2002] oraz Ben-Zviego i Garfielda [2004], zgodnie
z ktérg poprawne rozumowanie statystyczne wykracza poza znajomos¢ metod
obliczeniowych i obejmuje interpretacj¢ informacji, krytyczng ocen¢ danych oraz
podejmowanie decyzji w warunkach niepewnos$ci. Wyniki badania sugerujg zatem,
ze kompetencje rachunkowe i interpretacyjne mogg rozwija¢ si¢ CczgSCIOWO
niezaleznie, co stanowi istotne wyzwanie dla dydaktyki statystyki.

Implikacje dydaktyczne

Uzyskane wyniki wskazuja na potrzeb¢ wzmacniania w ksztalceniu
statystycznym umiejetnosci interpretowania danych i $wiadomego rozumowania
w sytuacjach decyzyjnych. W szczegolnos$ci zasadne wydajg si¢:

e integrowanie tresci statystycznych z podstawami ekonomii behawioralnej w celu
uswiadamiania studentom mechanizmow dziatania heurystyk poznawczych
opisanych w literaturze [Tversky i Kahneman 1974];

e zwigkszenie udzialu zadan opartych na rzeczywistych danych i autentycznych
problemach decyzyjnych oraz osadzonych w realistycznym kontekscie
gospodarczym,;

e wigksze akcentowanie interpretacji wynikow statystycznych 1 oceny
wiarygodnosci wnioskow, obok rozwijania umiejetnosci wykonywania obliczen;

e wykorzystywanie zadan wymagajacych uzasadniania odpowiedzi i analizowania
alternatywnych sposobéw rozumowania, co moze sprzyja¢ rozwijaniu
alfabetyzmu statystycznego.

Ograniczenia badania

Interpretujac uzyskane wyniki, nalezy uwzgledni¢ trzy najwazniejsze
ograniczenia badania. Po pierwsze, zastosowano celowy dobor proby, co ogranicza
mozliwo$¢ uogdlniania rezultatow na populacje ucznidow i studentéw w Polsce oraz
nie pozwala formutowa¢ wnioskéw o przyczynowym wptywie kolejnych etapow
edukacji na poziom badanej kompetencji.

Po drugie, grupa uczniow realizujacych matematyke w zakresie rozszerzonym
byta mniej liczna niz pozostate grupy. Pomimo zastosowania metod statystycznych
uwzgledniajacych nierdwnoliczno$¢ prob wskazana jest ostroznos¢ w interpretacji
wielkosci stwierdzonych réznic oraz ich weryfikacja na liczniejszych probach.

Po trzecie, zastosowane narzedzie obejmowalo cztery zadania odnoszace si¢
do wybranych komponentéw alfabetyzmu statystycznego. Wyniki dotycza zatem
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analizowanych obszaréw kompetencji i nie wyczerpuja calego zakresu tego
ztozonego konstruktu.

Kierunki dalszych badan

Naturalng kontynuacja badania bedzie szczegdtowa analiza rozktadu wyboru
poszczegdlnych dystraktorow, pozwalajaca zidentyfikowacé najczgstsze schematy
btednego rozumowania oraz lepiej rozpozna¢ mechanizmy prowadzace do
nieprawidlowej interpretacji danych i oceny niepewnosci. Analiza ta zostanie
przedstawiona w odrgbnym opracowaniu poswigconym jakosciowej interpretaciji
btedow poznawczych ujawnianych przez respondentow. Celowe wydaje si¢ rowniez
rozszerzenie badan na studentéw innych kierunkoéw i osoby o zr6éznicowanym
doswiadczeniu zawodowym, a takze dalsze doskonalenie 1 walidacja
zaproponowanego narzedzia badawczego.

Podsumowanie

Rozwoj alfabetyzmu statystycznego wymaga nie tylko opanowania metod
i narzedzi iloSciowych, lecz takze systematycznego ksztaltowania umiejetnosci
interpretowania danych oraz poprawnego rozumowania w warunkach niepewnosci.
Skuteczno$¢ ksztalcenia matematyczno-statystycznego warto zatem oceniaé
zarOWno przez pryzmat poprawnosci wykonywanych obliczen, jak i zdolnosci do
swiadomego i krytycznego wykorzystywania informacji statystycznych w procesie
podejmowania decyz;ji.
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STATISTICAL LITERACY AND THINKING TRAPS:
AN ANALYSIS OF THE COMPETENCY GAP AT THE TRANSITION
FROM SECONDARY TO HIGHER EDUCATION

Abstract: The aim of this paper is to assess the level of statistical literacy
among secondary school and university students and to analyse selected
components of this competence. The study was conducted on a sample of 432
secondary school and university students, using an original scenario-based test.
The findings indicate the existence of a competency gap between the outcomes
of formal mathematics and statistics education and the level of statistical
literacy demonstrated in tasks involving data interpretation and probabilistic
reasoning. The analysis revealed an educational anomaly: students completing
the extended mathematics curriculum achieved a higher level of statistical
literacy than university students who had completed an academic statistics
course.

Keywords: statistical literacy, competency gap, statistics education, cognitive
heuristics, probabilistic reasoning, data interpretation

JEL classification: A21, A22, D91, C12, 121
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Abstract: Credit card fraud detection is challenged by extreme class
imbalance (< 0.2% fraud) and non-linear fraud patterns, causing traditional
supervised models to suffer from reduced sensitivity and poor interpretability.
This paper proposes a hybrid model combining a sparse Deep Autoencoder
(15-node bottleneck) with Random Forest classification via feature
augmentation—concatenating raw features with latent representations and
reconstruction errors. Validation on 85,442 transactions yields PR-AUC of
0.6942, precision of 0.9412 + 0.0318, and recall of 0.7968 + 0.0354 across 5-
fold cross-validation. While performance is statistically comparable to
standard Random Forest (p > 0.05), the hybrid model offers enhanced
interpretability: the Anomaly Score ranks as the second most important
predictor, and t-SNE reveals distinct geometric separation of fraud clusters.
These findings demonstrate that unsupervised feature augmentation provides
a viable, interpretable solution for real-time fraud monitoring.
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INTRODUCTION

The rapid growth of electronic transactions has increased global exposure to
sophisticated financial fraud, costing billions annually [Utami et al. 2020].
Traditional rule-based systems struggle against dynamic, non-linear fraud patterns
[\Vadapalli et al. 2026], while computational models face extreme class imbalance
(<0.2% fraud) and high-dimensional noise [Chougule, Mane 2026; Xie et al. 2023].
Supervised algorithms often skew toward majority normal classes [Chougule, Mane
2026], while raw features induce overfitting [Xie et al. 2023]. Conversely,
unsupervised autoencoders effectively map normal behavior and generate anomaly
scores [Alhabib et al. 2023], yet lack the discriminative strength of tabular
supervised ensembles like Random Forests [6].

Recent multi-stage architectures have sought to address these constraints. Lin
& Jiang [2021] combined Autoencoders with Probabilistic Random Forests (AE-
PRF) to eliminate explicit resampling [Chen et al. 2018]. Subsequent studies
underscored that ensemble methods require precise feature reduction to mitigate
noise sensitivity [Kar & Dasgupta 2024], while temporal models (LSTM/GRU-
Autoencoders) often suffer from information loss by replacing raw data with
compressed embeddings [Sun et al. 2025; Ezhilmathi & Samy 2026]. Furthermore,
a persistent interpretability gap hinders regulatory compliance (e.g., GDPR, PCI-
DSS) by failing to provide geometric transparency for flagged transactions [Bin
Sulaiman et al. 2022; EI Alami et al. 2026]. Various resampling techniques, such
as SMOTE (Synthetic Minority Over-sampling Technique), have been proposed to
address class imbalance by generating synthetic fraud samples by Mallik et al [2019].
However, these methods can introduce noise and overfitting risks when applied to
high-dimensional transaction data from Chawla et al. [2002]. The challenges of
learning from imbalanced data have been extensively surveyed by He & Garcia
[2009], who identified that standard classifiers often fail to identify minority class
patterns, particularly in high-stakes domains such as fraud detection.

To bridge this information loss gap, this study proposes a Feature
Augmentation strategy. Rather than discarding original attributes [as in Lin & Jiang
2021; Chen et al. 2018], our framework retains raw features alongside a 15-node
sparse latent manifold (L, and KL regularization) and reconstruction residuals,
allowing a Random Forest to evaluate raw and unsupervised evidence
simultaneously. Validated on 85,442 samples via 5-fold cross-validation, the model
achieves strong performance (Precision: 0.9412 + 0.0318; Recall: 0.7968 +
0.0354; p > 0.05) while significantly improving interpretability—the reconstruction
error emerged as the second most vital predictor, and t-SNE projections confirmed
clear geometric separation of fraudulent instances in the latent manifold.



Mitigating Class Imbalance in U.S. Financial Security ... 185

PROBLEM FORMULATION AND METHODOLOGY

Problem Statement

Consider a transaction dataset D = {(x;, y;)}_,, where x; € R3? represents a
feature vector and y; € {0,1} is the class label (0 = normal, 1 = fraud). The primary
challenge in this domain is extreme class imbalance, where Nj.;,; < N, opmq (fraud
represents < 0.2% of all transactions).

This research seeks to develop a hybrid mapping function #: R3*® - {0,1}
that maximizes the Precision-Recall Area Under the Curve (PR-AUC) by leveraging
unsupervised manifold learning to augment supervised decision boundaries.

Stage I: Unsupervised Manifold Learning (Deep Autoencoder)

The first stage employs a Deep Autoencoder to extract a compressed, non-
linear representation of the transaction space. This process filters high-dimensional
noise and identifies the underlying structure of normal behavior.

The encoder maps the input vector x € R3® to a latent bottleneck
representation z € R® using a weighted transformation and a log-sigmoid activation
function o:

z=oc(W;x+ by) 1)

Where o(a) = 1+i—a’ W, € R1*30 and b, € R™S. The 15-node bottleneck

was selected through preliminary sensitivity analysis (Section 3.5) to balance
compression with information preservation.

The decoder recovers the reconstructed input space X = o(W,z + b,), where
W, € R3%15 and b, € R3®. The network optimization minimizes a composite loss
function J(W,b) penalizing reconstruction error, weight complexity (L,
regularization), and activation density (sparsity):

1 1 N A ~
JW,b) = —¥i_q 5% — L2+ 5 W R+ BYj2, KL(plf)) (2)
— ———
MSE Loss Weight Decay Sparsity Penalty

e Mean Squared Error (MSE): Measures input decoding discrepancy.
e Weight Decay: Controls model complexity with parameter A = 0.001.
e Sparsity Penalty: Uses Kullback-Leibler (KL) divergence with target
activation p = 0.05 and penalty coefficient § = 4.
The KL divergence for hidden unit j over training average activation g is
defined as:

~ 1-
KL(p I 5)) = plog=+ (1= p) log— (3)

This formulation forces the network to capture sparse, salient structural
properties over raw noise.
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Stage 11: Supervised Ensemble Classification (Random Forest)

The representations extracted by the autoencoder are transferred to a Random
Forest (RF) classifier using an augmented feature space.

The augmented feature vector x’ combines raw inputs, bottleneck features,
and an anomaly signal:

x' =[x,z €] (4)

Where € = ||x — X||, denotes the scalar reconstruction error (Anomaly
Score). This allows the ensemble classifier to evaluate raw variables alongside latent
structural encodings simultaneously.

The model constructs an ensemble of B = 100 decision trees {T},}2_,. Each
tree is trained on a bootstrap sample of x’, with final decisions assigned via majority
vote:

¥ = arg max (121,3:1 I(Ty(x") = c)) (5)
c€e{0,1} \B

Tree splits optimize Gini Impurity (I;). To mitigate extreme target skew, an
asymmetric cost matrix C penalizes false negatives (missed fraud) ten times higher
than false positives (false alarms):

0 1

=10 o0 ©

To validate structural separability within latent space 2z, t-Distributed

Stochastic Neighbor Embedding (t-SNE) maps bottleneck features by minimizing

KL divergence between high-dimensional joint probabilities P and low-dimensional
embedding probabilities Q:

C = KL(P I Q) = Xiz;pij log ()
The Barnes-Hut algorithm variant (perplexity = 30) was evaluated across a
stratified sample of 5,000 test set instances.
Experimental Setup

Experiments were evaluated on the Kaggle Credit Card Fraud Detection
dataset (284,807 instances, 30 features). Features include 28 anonymized PCA
vectors, Time, and Amount. Two domain features were engineered prior to training:

Hour Of Day = (;;n;z) ®
Normalized Amount = 22041~ FAmoun ©)

O Amount
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The full dataset was shuffled and split using a 70/30 stratified train-test
scheme. Hyperparameter tuning relied on 5-fold cross-validation across the training
set. Table 1 shows the hyperparameter configurations.

Table 1. Hyperparameter configuration for the proposed hybrid pipeline.

Pipeline Component | Parameter Name Notation | Configured Value
Deep Autoencoder Bottleneck Hidden Nodes A 15
Maximum Training Epochs — 20
L, Weight Regularization A 0.001
Sparsity Target Activation p 0.05
Sparsity Penalty Weight B 4
Random Forest Total Decision Trees B 100
Asymmetric Cost Matrix C [0,1;10,0]
Out-of-Bag Evaluation — Enabled
Experimental Setup | Train/Test Split — 70/30
Cross-Validation Folds — 5
t-SNE Perplexity — 30
Random State Seed — 42

Source: own calculations

Performance metrics across 5-fold cross-validation are reported as mean +
standard deviation. Statistically significant improvements against baseline models
were evaluated via paired two-tailed t-tests (a = 0.05). Pipelines were implemented
using MATLAB R2018a (Statistics and Machine Learning Toolbox, Deep Learning
Toolbox).

RESULTS & DISCUSSIONS

The initial experimental phase evaluated the unsupervised learning capacity of the
Deep Autoencoder in characterizing the transactional manifold. As shown in Fig. 1,
the training profile demonstrates robust convergence, stabilizing at a Mean Squared
Error (MSE) of 2.8548 by the 20th epoch. This rapid stabilization confirms that
combining L, regularization with sparsity constraints successfully suppressed high-
frequency noise, enabling the 15-node bottleneck layer to capture structural
representations.
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Figure 1: Autoencoder Training Convergence (15-node)
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To establish statistical validity across model iterations, a 5-fold cross-
validation scheme was executed on the training split. Table 2 details the mean
precision and recall for both the baseline Random Forest and the proposed Hybrid
model across all folds.

Table 2. 5-fold cross-validation results (mean + standard deviation)

Model Precision (meantstd) | Recall (mean#std)
Standard Random Forest | 0.9477 +0.0293 | 0.7988 + 0.0213
Hybrid Random Forest 0.9412 +0.0318 | 0.7968 + 0.0354
p-value (Paired t-test) 0.0789 0.8160

Source: own calculations

A paired t-test indicates no statistically significant performance difference
between the architectures (precision p = 0.0789; recall p = 0.8160). However, the
hybrid pipeline delivers structural interpretability by revealing latent fraud
signatures while preserving baseline accuracy.

The full 70% training partition was used to fit the final models, which were
subsequently benchmarked against the 30% held-out test dataset. Performance
metrics are summarized in Table 3.

Table 3. Hold-out test set performance evaluation (70/30 split)

Model Precision Recall F1-Score
Standard Random Forest 0.9542 0.8446 0.8961
Hybrid Random Forest 0.9621 0.8581 | 0.9071

Source: own calculations

The hybrid architecture achieved a precision of 0.9621 and a recall of 0.8581,
yielding an F;-score of 0.9071. This balance between false positive reduction and
true fraud capture demonstrates suitability for production financial monitors.
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Fig. 2 highlights the Precision-Recall (PR) performance curve generated from
the test set. The model yields an overall PR-AUC of 0.6942 under extreme class
skew (< 0.2% positive rate).

Figure 2. Precision-Recall (PR) curve for hybrid model
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Precision remains near optimal across conservative operational thresholds,
exhibiting a gradual decay only as recall surpasses 0.80. This trajectory highlights
effective control over operational false-alarm generation under dense transaction
throughput. Feature contributions within the Random Forest ensemble were
quantified using Out-of-Bag (OOB) permuted delta error.

Figure 3. Top 10 predictors in Hybrid model
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Figure 3 shows the autoencoder reconstruction error (Anomaly Score) ranked
as the second most influential variable (score: 1.20), trailing only V14 (1.35). This
confirms that the unsupervised stage successfully generated non-linear anomaly
features that enrich the decision trees.

To assess topological structure, the 15-dimensional bottleneck representation
z was projected into a 2D space using Barnes-Hut t-SNE (Fig. 4).

Figure 4. 15-dimensional bottleneck layer into a 2D space using Barnes-Hut t-SNE
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The geometric isolation of fraudulent transactions within localized high-
density islands confirms that the bottleneck network effectively isolates non-linear
boundaries separating normal and suspicious behavior. Operationally, this hybrid
pipeline delivers significant advantages: the high feature importance of the Anomaly
Score provides clear diagnostic signals for forensic auditors, while a high precision
of 0.9621 minimizes labor spent reviewing false positives. Furthermore, this
structural interpretability supports regulatory compliance standards like GDPR and
PCI-DSS, and the low inference latency allows smooth integration into real-time
transaction processing systems.

However, several constraints limit these empirical conclusions. Testing was
restricted to the PCA-anonymized Kaggle dataset, requiring further validation on
raw, multi-source data streams. Additionally, the lack of a statistically significant
performance improvement over baseline Random Forest (p > 0.05) indicates that
gains depend heavily on input feature quality. Finally, deploying this architecture in
ultra-low-latency streaming applications may necessitate model quantization or
distillation to optimize processing speed.
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SUMMARY

This study demonstrates that enriching supervised tree ensembles with
unsupervised latent features effectively resolves the dual challenges of extreme class
imbalance and non-linear fraud dynamics in financial transaction data. By adopting
a feature augmentation strategy that concatenates raw variables with autoencoder
bottleneck representations and reconstruction errors, the hybrid architecture
preserves core data attributes while recovering critical latent structural signatures.
Validated across 85,442 test instances from the Kaggle Credit Card Fraud Detection
dataset, the model achieved a robust held-out performance with a precision of
0.9621, a recall of 0.8581, an F;-score of 0.9071, and a realistic PR-AUC of 0.6942.
Although cross-validation metrics showed no statistically significant performance
delta over the baseline Random Forest (p > 0.05), the reconstruction error emerged
as the second most influential predictor (importance score: 1.20), and t-SNE
projections confirmed a distinct geometric separation of fraudulent instances within
the latent manifold. These empirical findings confirm that augmenting supervised
ensembles with unsupervised manifold features delivers a highly interpretable, audit-
compliant, and operationally viable solution for real-time financial fraud monitoring.
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